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ABSTRACT

Systems using immobilized enzymes are attractive for a wide range of industrial
and medical applications because they allow for fabrication of stable, reusable substrates
with a highly specific functionality.

The performance of these systems is greatly

influenced by the orientation and conformation of the immobilized enzymes.

To

investigate these relationships, we have developed and applied methods to quantitatively
assess the secondary structure of adsorbed enzyme layers on planar surfaces using
circular dichroism (CD) spectropolarimetry and evaluate their bioactivity using
colorimetric assays. When combined with knowledge of an enzyme’s native structure,
these methods provide a means to correlate changes in enzyme bioactivity postadsorption with its adsorbed orientation and conformation. Using this approach, we
investigated the adsorption behavior of a set of model enzymes [trypsin (TRP; 23.8 kDa),
lysozyme (HEWL; 14.4 kDA), xylanase (XYL; 21.3 kDa), and glucose oxidase (GOx;
160 kDa)] on OH-, CH3-, NH2-, and COOH-terminated alkanethiol self-assembled
monolayer (SAM) surfaces. The bioactivities of the small proteins, TRP, HEWL, and
XYL, had pronounced variations between the different SAM surfaces despite their
structural stability, highlighting the role of adsorbed orientation on bioactivity.

In

contrast, GOx, which is a much larger protein, exhibited wide variations in both its
structure and bioactivity after adsorption, with adsorption-induced conformational
changes actually enhancing its bioactivity. In order to gain further insights into adsorbed
orientation and conformation, adsorbed HEWL and GOx layers on the various SAMs
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were chemically modified with dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium bromide
(DHNBS), which selectively labels solvent accessible tryptophan residues. Analysis of
tryptophans labeled when the protein is in solution vs. when adsorbed can provide
insights into the orientation of the adsorbed protein and adsorption-induced changes in its
tertiary structure. The ratio of modified tryptophans per HEWL molecule decreased on
every surface in comparison to the free floating protein, indicating that these hydrophobic
residues were interacting with the surface, rendering them solvent inaccessible.
Furthermore, it suggests that the protein was not exposing new tryptophans to solution
due to adsorption-induced unfolding. In contrast to HEWL, the number of modified
tryptophans per GOx molecule increased after adsorption on the four SAMs, which
clearly shows that the tertiary structure of GOx is significantly altered by adsorption.
These results reinforce the CD data that GOx undergoes substantial conformational
changes upon adsorption causing previously inaccessible residues to be solvent accessible
post-adsorption. These results provide new insights into protein-surface interactions at
the molecular level and demonstrate that adsorption can either promote or inhibit
bioactivity depending on how the surface chemistry influences the orientation and
conformational state of the protein on the surface.
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CHAPTER I
BACKGROUND

INTRODUCTION
Understanding the interactions of proteins with surfaces is of tremendous
technological significance in such areas as biomedical devices, biosensors, bioseparation,
biomimetic materials, industrial reactions, and drug development [1-5]. The structure
and orientation of the proteins in the adsorbed layer are critical factors that influence
subsequent interactions with cells, biomolecules, and/or chemical compounds. Despite
the importance of these interactions little is known about the actual molecular
mechanisms involved. This has created a need for the further development of methods to
increase the level of detail of the analysis of protein-surface interactions.

PROTEIN-SURFACE INTERACTIONS
Proteins tend to readily adsorb to surfaces because they are driven by the
thermodynamics of the system. The difference in the free energy of the two phases, solid
and liquid, tends to result in the functional groups at the interface being in a higher free
energy state at the solid-liquid interface than in either phase by itself. This causes
substances present in the liquid phase that are different than solvent molecules, such as
proteins, to adsorb onto the surface in order to lower the free energy of the system [6].
Furthermore, changes in the structure of the protein may occur upon adsorption to further
minimize the free energy of the overall system.
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This is especially evident for

hydrophobic surfaces on which proteins tend to unfold in such a way to expose their
hydrophobic residues to the surface in order to reduce the overall solvent accessible
hydrophobic surface area in the system [7, 8]. The adsorption process becomes even
more complicated when electrostatic interactions between the protein and the surface, as
well as protein-protein interactions on the surface, are taken into account. The chemical
and structural properties of the protein, ionic strength and pH of the solvent, and the
hydrophobicity and charge balance of the surface are all factors that influence the
protein-surface interactions [9].

Host Response to Biomaterials
The human body maintains several defense systems that serve to protect it from
the introduction of foreign entities into the body, including the blood coagulation system,
the inflammatory response system, and the immune system. While the functions of these
systems are generally very beneficial for the health of an individual, these systems can
also induce adverse responses against biomaterials that are implanted in the body, posing
the risk of complications arising from thrombi formation and/or chronic inflammation
attributing to degradation of the implant and the release of particles that can trigger
systemic responses.
The human immune system is comprised of a series of non-specific responses that
attempt to block the entry and spread of pathogens into the body, and specific responses,
which can be separated into antibody-mediated and cell-mediated responses. Specific
immune responses are a concern when dealing with biomaterials that are in contact with
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blood plasma or extracellular fluids, especially for biologically derived materials.
Nonbiologically derived materials, however, can also induce immune responses by
activating the complement system. The complement system, which consists of around 30
plasma proteins, poses one of the greatest challenges to implants since it can be activated
by the presence of a biomaterials surface, leading to leukocyte activation and subsequent
inflammatory responses. There are three different complement pathways that lead to the
activation of immune responses: (i) the classical pathway (CP) activates due to antigenantibody complexes, (ii) the lectin pathway (LP) involves the binding of mannan-binding
lectins to specific carbohydrates, and (iii) the alternate pathway (AP), which is activated
by foreign surfaces inducing the cleavage of C3 into C3b [10]. It has been previously
shown that biomaterials can activate the complement system via the CP and the AP [10,
11]. However, in the study by Andersson et al [10], it was found that the complement
proteins did not adsorb directly onto the biomaterial surface, rather they adhered to an
adsorbed protein layer that was mainly comprised of human serum albumin,
immunoglobulin G, and fibrinogen. Additionally, platelets can be activated by adsorbed
fibrinogen, which can initiate the blood coagulation cascade leading to surface-induced
thrombosis [12]. The formation of thrombi is a major concern with any biomedical
device in contact with the vascular system since they can form a clot in the device or
thrombi can be generated and released to become emboli, posing the threat of blood flow
disruption elsewhere in the host.
The binding and activation of platelets and complement proteins does not occur
when they come into contact with plasma proteins in their soluble-state in the blood.
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Therefore, it is safe to assume that the mere presence of proteins on biomaterial surfaces
is not the reason for adverse responses; rather it is the characteristics of the adsorbed
proteins that determine the biocompatibility of the device. It is therefore likely that
adsorption-induced conformational changes in plasma proteins are responsible for the
activation of complement proteins and/or cells against a biomaterials surface [13, 14].
Based on this point of view, one popular approach to the development of biocompatible
surfaces is to design surfaces that are highly resistant to protein adsorption [15-17].
However, even protein resistant surfaces can induce adverse biological responses if the
proteins that do adhere do so in an unfavorable manner. An alternative approach to
controlling biological responses is to design surfaces that preserve the native structure of
surface-adsorbed or immobilized biomolecules and/or surfaces that adsorb proteins in a
manner to either specifically enhance or reduce their functionality, with respect to other
biomolecules or cells in which they subsequently interact. These approaches have been
used extensively in recent years for numerous biomedical and biotechnological
applications, such as biomimetic interfaces, adhesion resistant surfaces, biosensors,
bioelectronics, cell and drug screening, and continuous biocatalysis processes [4, 5, 1822].

Enzymes
Enzymes are defined as classification of biomolecules, most commonly proteins,
that speed up, or catalyze, a specific chemical reaction as many as 20 orders of magnitude
by temporarily binding to a substrate, thus reducing the energy required to break a bond
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[23].

Traditionally, enzymes were considered to be static entities whose structures

directly corresponded to the substrates in which they bind in a “lock and key” fashion.
Koshland first proposed that the surfaces of enzymes were flexible and that only the
proper substrate induces interactions that allow it to bind [24].
Advanced analytical and computational techniques have revealed that the
“induced fit” theory is correct for many enzymes and molecular dynamics play an
essential role in their functions, such as the binding and/or release of substrates [25-29].
Due to the prevalence in the use of enzymes for technological applications it has become
imperative that we gain a better understanding of the properties of enzymes under
different conditions. This is of particular importance for surface-immobilized enzymes
given the tendency for surface adsorbed to lead to structural changes in proteins.

Surface-Immobilized Biomolecules
Systems with surface-immobilized biomolecules have become increasingly
popular in various fields for several reasons. The immobilized biomolecules can be used
to create surfaces that are molecularly recognized and elicit predictable biological
responses.

The surface immobilization of enzymes has been used extensively for

industrial purposes because the enzymes can be incorporated into a wide variety of
substrates. Enzyme immobilization can be carried out in a manner that renders the
molecules resistant to further conformational changes, allowing for the fabrication of
reusable substrates that retain their functionality for longer times and/or in harsher
environments than the enzyme in the solution state [30-32].
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There are various methods used for immobilization processes, four major types of
immobilization are as follows [18, 32]:
1. Nonspecifically and noncovalently bonding biomolecules to the surface
through electrostatic interactions, hydrogen bonding, or hydrophobic
interactions.
2. Specifically and noncovalently binding biomolecules to the surface using
receptor proteins, tags (e.g., biotin labeling), or recognition pairs (e.g.,
antigen-antibody pairs).
3. Covalently linking biomolecules to the surface using crosslinkers (e.g.,
glutaraldehyde) or coupling agents (e.g., N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) / N-hydroxysulfosuccinimde (NHS)).
4. Entrapment of biomolecules in a matrix material, such as hydrogels, sol-gels,
or polymeric matrices.
The noncovalent attachment of biomolecules generally results in the weakest association
between the biomolecules and the substrate but has the benefit of potential reversibility
[33, 34]. Once the enzymes have become inactive they can be desorbed and the supports
reused. This can be disadvantageous since there is a chance that enzymes will leach out
during the catalysis process.

Multipoint covalent immobilization is often used in

processes that require elevated temperatures since the rigid fixation of the molecule
prevents subsequent conformational changes and enzymatic inactivation [35]. However,
it has been reported that excessive covalent bonding can lead to the destabilization of an
enzyme’s structure and compromise its bioactivity [36].
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The adsorption behavior of the enzyme is critical for success of any of the
aforementioned immobilization techniques. It is important that the enzymes are adsorbed
strongly enough that they remain fixed in place during catalysis, but adsorbed in a
manner that does not inactivate the enzyme. Not only is the surface density of the
enzyme an important factor that influences the efficiency of immobilized enzyme
systems, but the conformation and orientation of the adsorbed enzymes are both
important factors as well. This highlights the need for a comprehensive set of methods to
assess all of these factors and their role in determining the bioactivity of an adsorbed
enzyme layer. The use of well established spectrophotometric bioactivity assays in
conjunction with circular dichroism (CD) has the potential to provide these types of
insights into protein-surface interactions and their effects on the enzymatic activity.
Previous reports show that CD is effective in analyzing proteins adsorbed onto colloidal
particles, as well as planar surfaces [13, 37-39].

Additionally, CD analysis can be

performed using a wide range of buffers and environmental conditions to mimic the
conditions that the enzymes will be subjected to during catalysis.

CIRCULAR DICHROISM
Chiroptical Phenomena
Louis Pasteur, in 1848, discovered that sodium ammonium tartrate crystals were
dissymmetric [40].

Sodium ammonium tartrate had been previously reported to be

optically inactive but upon close visual inspection Pasteur noticed that the crystals were
not identical and could be separated into two classes. After visually separating the
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crystals and dissolving them in water, he noticed that both solutions were optically active
but rotated polarized light in the opposite direction. However, when he mixed an equal
amount of the two classes of crystals their effects cancelled each other out resulting in an
optically inactive solution [40]. His discovery provided evidence that molecules were
three dimensional and of the existence of chiral molecules whose mirror images cannot
be superimposed. Chiral molecules exhibit a handedness, which refers to the way they
rotate polarized light as viewed towards the source of light. Dextrorotatory molecules
rotate polarized light to the right side, clockwise, and levorotatory molecules rotate
polarized light to the left side, counterclockwise. It is these phenomena that are the basis
for CD.

Fundamentals of Circular Dichroism
Chiroptical spectroscopies involve the interactions of circularly polarized light, in
the absence of a magnet field, with chiral molecules. Plane polarized light consists of
two equal components; right-circularly polarized (rcp) light and left-circularly polarized
(lcp) light beams.

CD is defined as the difference in absorption of rcp and lcp

components of plane polarized light by an optically active medium. This differential
absorption results in the conversion of plane polarized light to elliptically polarized light
(Figure 1.1) [41, 42].
The amount of light absorbed by the solute at a given wavelength (Ai(λ)) follows
Beer’s Law, thus can be defined as [43]:
Ai(λ) = εi(λ) × C × L
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(1.1)

where εi(λ) is the molar extinction coefficient of the chiral solute for a particular
handedness of polarized light, C is the concentration of the solute, and L is the distance
that the light travels through the medium containing the solute. Therefore the difference
in absorbance of rcp and lcp light can be defined as:
CD ≡ ∆A = Al – Ar = (εl × C × L) – (εr × C × L) = ∆ε × C × L

(1.2)

Modern spectropolarimeters use a modulation technique that allows for the direct
measurement of ∆A, which is generally very small [44]. Since the change in absorbance
can be accurately measured, ∆ε can be easily calculated and used to report CD data.
However, CD is often found reported in terms of ellipticity, which was its original
measure [45].

Figure 1.1. (a) Left (L) and right (R) circularly polarized components of plane polarized
light: (I) components have equal amplitudes and generate plane polarized light; (II)
components have different amplitudes resulting in elliptically polarized light (dashed
line). (b) Shows the relationship between adsorption and CD: sample 1 is not chiral,
sample 2 adsorbs more L than R and CD is positive, and sample 3 adsorbs more R than L
resulting in negative CD. (Image taken from Kelly, S. M.; Price, N. C., Biochim.
Biophys. Acta, 1997, 1338, 161)
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The electric vector of a circularly polarized light beam rotates in the direction of
propagation, completing one revolution per wavelength. When the electric vectors of
right- and left-circularly polarized light are in the same direction, the sum of their
magnitudes is the major axis of the elliptically polarized light and the minor axis of the
ellipse is given by their difference when the vectors are in the opposite direction. The
ellipticity (Θ) is the angle of which the tangent is the ratio of the minor axis of the ellipse
to its major axis [46].
Since this angle of ellipticity is very small, the tangent of Θ is approximately
equal to Θ in radians, thus the measured ellipticity can be related to the difference in
absorbance by the following expression [42].
Θ (rad) ≈ tan Θ = (│El│-│Er│) / (│El│+│Er│)
= [exp(-Al/2) - exp(-Ar/2)] / [exp(-Al/2) + exp(-Ar/2)]

(1.3)

This expression can be simplified by converting Θ to degrees and expanding the
exponentials, while neglecting the higher terms of order of ∆A in comparison with unity,
to yield the following expression [42]:
Θ (deg) = 180 × ln 10 × ∆A/4π = 32.98 ∆A

(1.4)

This expression shows that the ellipticity is directly proportional to the differential
absorption of rcp and lcp light by the optically active medium.
For protein analysis, the measured ellipticity is often converted into its
corresponding molar ellipticity ([Θ]) by the following expression [47]:
[Θ] = (Θ × M0) / (10,000 × C × L)
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(1.5)

where [Θ] is the molar ellipticity (deg·cm2/dmol) and M0 is the mean amino acid residue
molecular weight (118 g/mol).

Analysis of Protein Structure
Proteins are considered to have four levels of structure [48]. The first level of
protein structure is its defined sequence of amino acids, known as its primary structure.
The secondary structure of proteins refers to the segments of amino acid sequences that
fold into regular conformations with well-defined, repeated torsion angles that are
stabilized by hydrogen bonding. The tertiary structure of the protein is how all the
secondary components of the protein fold, which is heavily influenced by the specifics of
disulfide bond formation, to give the protein its overall three dimensional shape. Proteins
that exhibit quaternary structure are proteins that contain multiple subunits, such as
dimers, trimers, etc., that are arranged in a regular manner [48].
The most common type of secondary structural unit that occurs in proteins is
helices. The α-helix, which was first modeled in 1951 by Pauling, Corey, and Branson
[49], is the most abundant type of helix found in proteins and has coils that consist of 3.6
residues per turn. Two alternative helices that have been found in proteins are 310
helices, which have tighter coils consisting of 3.0 residues per turn, and the larger π
helices that consist of coils containing 4.1 residues per turn [50]. The second most
common type of secondary structure are β-sheets that are formed by β-strands, which
consist of either parallel or anti-parallel stretches of amino acids whose peptide backbone
chains are nearly in full extension, with hydrogen bonding between adjacent β-strands
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[51]. The third type of secondary structure that is often found in proteins is turns, which
form when hydrogen bonds form between amino acid residues that are close to one
another in the primary sequence along a polypeptide chain. For a turn to form, the Cα
atoms of the amino acids involved must be within 7 Å of each other, with neither of the
amino acids being contained within another secondary structure unit. β-turns are the
most frequent type of turn and are characterized as a separation of the Cα atoms of three
residues, with γ-, α-, and π-turns being characterized by Cα atoms separated by two, four,
and five residues, respectively [52, 53]. The final type of secondary structure is the
random loop, which consist of unstructured segments of the polypeptide chain that link
the other types of secondary structural elements with one another. Figure 1.2 displays the
crystal structure of hen egg white lysozyme (HEWL); all three types of structures that
have been mentioned are present in the protein.
Proteins can be grouped into five classes based on their makeup of secondary
structure components: all-α, all-β, α+β (α-helices and β-sheets are located in separate
peptide chains), α/β (α-helices and β-sheets alternate along the same peptide chain), and
unordered or denatured proteins [50, 54]. All-α, all-β, and unordered proteins have very
pronounced differences in their CD spectra.
Figure 1.3 shows the CD spectra for poly-L-lysine in three different
conformations, 100% α-helix, 100% β-sheet, and 100% random chain [55]. The spectra
of all-α proteins have the characteristic maxima at 191-193 nm and double minima at
208-210 and 222 nm [55, 56]. All-β proteins exhibit strong maxima around 190-200 nm
and single minima between 210 and 225 nm [55, 56]. However, difficulties can arise in
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the characterization of β-sheets in proteins since they are often found with varying
degrees of distortion, which is reflected in the wide wavelength ranges where the maxima
and minima reside from protein to protein. Further complicating the issue is the fact that
unordered proteins have very strong minima around 200 nm. Proteins that consist of
highly distorted β-sheets or short, irregular β-strands can result in a pronounced reduction
in the characteristic β-sheet maxima below 200 nm. A subset of all-β proteins have been
termed β-II proteins because the β-sheets and/or β-strands in the proteins are so irregular
that their CD spectra have strong minima at 200nm, similar to that of unordered proteins
[57, 58].

Figure 1.2. Protein data bank images of the structure of HEWL with helices in pink, βsheets in yellow, turns in blue, and random loop segments in white.
The CD spectra for α+β and α/β proteins are generally dominated by the
contribution of the α-helices to the signal. Both of these sets of proteins tend to have the
characteristic α-helix maxima below 195 nm and double minima with the 208-210 nm
band being more intense than the 222 nm band for α+β proteins. In the case of α/β
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proteins, this effect tends to be reversed, with the 222 nm minima being the more intense
of the pair [57].

Figure 1.3. CD Spectra of poly-L-lysine in various conformations: (1) 100% α-helix,
(2) 100% β-sheet, and (3) 100% random chain. (Image taken from Greenfield, N.;
Fasman, G. D., Biochem. 1969, 8, 4108)
Since α-helices are the dominate contributor to CD spectra, a simple method has
been used to quantitatively estimate the percentages of an optically active substance that
is in the α-helix conformation based on the strong minima at 208 nm [55]:
% α-helix = ([Θ]208 – 4,000) / (33,000 – 4,000)

(1.6)

where [Θ]208 is the molar ellipticity at 208 nm, 33,000 is the approximate value of the
minima at 208 nm for an 100% α-helix solution of poly-L-lysine, and 4,000 is the
approximate molar ellipticity of mixtures poly-L-lysine in β-sheet and random coil
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conformations at this wavelength (Figure 1.4). However, this is a rough estimate for the
amount of α-helix since it has been shown that the CD spectra of helices are dependent
on the chain length and the helices in proteins are generally much shorter than helical
poly-L-lysine[59, 60].

Figure 1.4. CD spectra of poly-L-lysine containing various percentages of β-sheet and
random coil with no α-helix present. (Image taken from Greenfield, N.; Fasman, G. D.,
Biochem. 1969, 8, 4108)
Reference poly-L-lysine spectra can be used to estimate the amounts of β-sheet
and random coil after calculating the percentage of α-helix. The molar ellipticities at 217
nm and 222 nm in the spectrum of the unknown substance can be compared with spectra
from mixtures of poly-L-lysine with a fixed percentage of α-helix and various
compositions of β-sheet and random coil. This simple method has been somewhat useful
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in analyzing proteins in solution that have highly regular secondary structure units.
However, the estimations are generally vastly different than the crystal structures in
proteins that have distorted or irregular secondary structure units [55].
Numerous methods have been proposed to obtain more accurate quantitative
assessments for the composition of secondary structures in a protein from its CD spectra.
The best results have come from methods that use proteins as reference spectra rather
than structured polypeptides like the poly-L-lysine method first proposed by Greenfield
and Fasman [55]. The major disadvantage of using polypeptides as basis spectra is that
their structural units are generally much larger than those from proteins, and they do not
distort like those of proteins. Despite using proteins as basis spectra, these methods are
still largely empirical and are based on the following assumptions [56, 61]:
1. The crystal structures of the proteins are the same as the solution structure.
2. The contributions from each individual secondary structure unit are additive
and independent of tertiary structure.
3. The only chromophores that contribute to the CD spectrum are peptide
chromophores; non-peptide chromophores are considered negligible.
4. The geometry of a secondary structure unit has no influence on its CD
spectrum
The first two assumptions hold up in most cases but the last two assumptions are often
incorrect. As previously mentioned, the twisting and distortion of structural units can
have pronounced effect on the resulting CD spectrum [57, 62].

These fixed-basis

methods for determining protein structure generally produce estimations that are in very
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good agreement with crystallographic data for α-helix but show large deviations for βsheets and β-turns, highlighting the variations in these structures from protein to protein
[56].
Chen et al. used five reference proteins to calculate the secondary structures of
five additional proteins and found that using different combination of three out of the five
reference proteins yielded different results [63]. This eventually led to the development
of variable selection procedures in which the CD spectrum of an unknown protein is
compared to the proteins in the reference set. Reference spectra that do not resemble that
of the unknown protein are then omitted during data analysis. Various mathematical
techniques have been used to select which reference proteins to keep in the set and which
to discard. Two techniques that have been widely used successfully, locally linearized
(LL) model and self consistent (SELCON) method, have been used for the development
of CDPro software for the rapid analysis of CD spectra [61, 64].
The LL model, first proposed by van Stokkum et al. [65], is a straight forward,
efficient model that compares each individual reference spectrum out of the reference set
with the unknown spectrum. The root mean square (rms) deviation is then calculated for
each comparison and only those with a small rms are used to calculate the unknown
structure. The SELCON method involves making an initial guess for the structure of the
unknown sample then adding its spectrum to the set of reference spectra and calculating
the structure of the unknown using this modified reference set [66]. The solution for the
unknown structure replaces the initial guess and the process is repeated until the solution
converges.
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The SELCON3 program designed by Sreerama and Woody uses reference sets
containing up to 48 proteins [64]. The structural composition of the reference spectrum
that most closely resembles the unknown spectrum is used as the initial guess for the
unknown and its spectrum is added to the reference set.

Variable selection of the

reference spectra is then carried out using the LL model. The unknown is then solved for
using a single value decomposition (SVD) algorithm and the process is repeated until the
rms deviation from successive solutions is less than 0.0025 and various reference proteins
are used to get multiple solutions. The algorithm accepts solutions where the fraction of
each structural component is greater than -0.025 and the sum of all fractions equal 1.0 ±
0.05. All the acceptable solutions are then averaged and a final solution is reported by
the program. This program has been proven to be very useful for the determination of the
structure of proteins in all the five structural classes. The larger references sets provide
better agreement for β-sheet and β-turn due to their accounting for more variation in the
geometries of these units. However, it has been reported before that proteins with highly
distorted β-sheets can still be misinterpreted by CDPro [67].
CD is a very attractive tool for determining the secondary structure of a protein
due to CD’s high sensitivity to secondary structure in the far-UV wavelength range (190230 nm). CD is also sensitive to aromatic residues and disulfide bonds, particularly in
the near-UV wavelength range (260-300 nm).

Unfortunately, these bands are

substantially weaker than those attributed to secondary structures and require higher
concentrations of proteins. Since the bands are sensitive to the microenvironment around
the amino acid residues of a protein, they have been used to indicate changes in tertiary
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structure, as well as ligand binding since aromatic residues, like tryptophan, are located
adjacent to the active sites of many enzymes [68, 69]. Although CD does not provide the
same level of detailed structural information as techniques such as X-ray crystallography
and NMR, it has the advantages of much quicker scan times and rapid data analysis, and
it is readily usable to interrogate the secondary structure of proteins in solution or
adsorbed onto a surface.

Analysis of Adsorbed Proteins
The proof of concept that CD could be used to analyze the secondary structure of
adsorbed biomolecules was provided in the late 1960s [70, 71]. These studies showed
that it was possible to get reproducible spectra for polypeptide films deposited on quartz
substrates that exhibited the same characteristics as the polypeptide in solution.
However, there were two major complications that arose during early adsorbed protein
experiments: (1) light scattering by the discrete particles distorted the CD spectrum; (2)
the amount of material needed to produce a reasonable signal was in excess of a
monolayer [37]. One reason for the increase in noise due to light scattering is that
researchers were analyzing dried protein films that were in excess of a monolayer.
McMillin et al. solved these issues by designing a cell holder capable of holding multiple
slides and ensuring the protein coverage on each slide was a monolayer or less [37].
These methods were somewhat crude though, requiring upwards of 20 slides to generate
a sufficient signal, and the quartz substrates needed to be carefully inspected prior to use
for signs of intrinsic or stress-induced birefringence.
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A solution to the signal-strength problem that is associated with the use of flat
surfaces to study the effects of adsorption on a protein’s structure is the use of colloidal
particles as the adsorbing substrate. Kondo et al. first proposed the use of ultrafine (15
nm) silica particles for CD studies of a series of adsorbed proteins [72]. Colloidal
particles of silica and polystyrene (≤ 1 µm) have gained a lot of attention since then for
use in adsorption studies because of their inherently high specific surface area (m2/g),
optical transparency, and minimal light scattering [73, 74]. It is important to note,
however, that there are several key limitations to using this approach for CD [75]:
1. Limited selection of materials that can be fabricated into particles that are the
required nano-size dimensions.
2. Particles must be optically transparent over the wavelength range used for
analysis.
3. Stability of the particles in solution is critical because particle aggregation
leads to light scattering.
4. Particles must have a high affinity for protein adsorption at dilute
concentrations of protein with respect to the colloidal particles.
The fourth limitation is crucial to obtain accurate information about the secondary
structure of adsorbed protein molecules since there is no way to distinguish the
contribution of protein in the adsorbed state from those in the solution state in the CD
spectrum. This is one of the disadvantages to using colloidal particles for adsorption
studies instead of planar surfaces that can be rinsed to remove loosely bound protein
molecules, and then transferred into a protein free medium for analysis.

20

As the sensitivity of spectropolarimeters has increased over the years, the amount
of protein required for sample analysis has decreased making adsorption studies on planar
surfaces more practical than it was in the 1970s. In the last decade studies have been
conducted to assess the secondary structure of protein layers adsorbed onto flat slides of
bare quartz, gold-coated quartz, and polymer coated quartz [14, 38, 39]. These studies
demonstrate the flexibility of bare quartz slides in terms of the surface treatments that can
be performed prior to protein adsorption. Gold-coated slides can be further modified by
functionalized alkanethiol self-assembled monolayers (SAMs) to vary the surface
chemistry presented to proteins. Also, there is the added benefit that these quartz-based
substrates can be easily fabricated, characterized, and handled, unlike colloidal particles.
It is now recognized that protein-surface interactions play a vital role in biological
processes, as well as a host of other technological and industrial processes. This has been
one of the driving forces behind the advancement of techniques to gain a better
understanding of these interactions at the molecule level. CD has proven that it is a
useful tool in probing the secondary structure of adsorbed protein layers and
improvements in deconvolution programs have made it possible to extract structural
information from CD spectra with greater speed and accuracy. However, CD provides
limited information about the tertiary structure of proteins, presenting a need for a
complimentary analysis that will provide a quantitative measure of the adsorptioninduced changes in tertiary structure. Amino-acid modification has been successfully
used for many years in the proteomics field to track changes in the tertiary structure of
proteins to provide insight into protein folding/unfolding, characterization of noncovalent
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protein complexes, and protein functionality [76-79].

Many of these modification

techniques can be performed under the same mild conditions as protein adsorption
experiments, making them ideal for use in conjunction with CD.

AMINO-ACID MODIFICATION
Hydrogen/Deuterium Exchange
Over the last two decades mass spectrometry (MS) has been extensively used to
explore the structure, dynamics, and function of proteins. Electrospray ionization based
mass spectrometry (ESI-MS) has become a mainstay in proteomics research because of
its speed, sensitivity, and ability to form multiply charged gas phase ions directly from
solution [76]. The accuracy of ESI-MS in determining the molecular weights makes it
extremely powerful in hydrogen/deuterium (H/D) exchange experiments to probe the
solvent accessibility of protein residues.
When proteins are suspended in deuterated solvents, such as heavy water (D2O),
there is a gain in mass of 1 Da for each of the heavier deuterons that exchanges with a
labile proton in the amide backbone and in the side-chain functionalities of Arg, Asn,
Asp, Glu, Gln, Lys, and Trp [76].

The rate of exchange depends on the solvent

accessibility of the residue and its involvement in any intramolecular hydrogen bonding.
Residues in the hydrophobic core and those that comprise secondary structure units can
have exchange rates that are up to eight orders of magnitude lower than residues that are
at the surface and highly accessible to the solvent. This presents a very simple way to
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label the residues in a protein that are solvent accessible and track changes in their
accessibility.
Katta and Chait showed that H/D exchange could be used to measure protein
unfolding by deuterating proteins in their native and denatured states [80]. When HEWL
that was in its native conformation was deuterated, the increase in mass corresponded to
62% of its labile protons exchanging with a deuteron, whereas 96% of the labile protons
exchanged when HEWL was denatured.

Their results clearly indicated that the

previously inaccessible core residues became exposed after denaturation. One drawback
to H/D exchange that became apparent was that highly accessible protons that rapidly
exchanged with deuterons will rapidly back exchange with hydrogens from water
molecules in the atmosphere.

The time it took for the protein to come out of the

electrospray unit and into the high vacuum analyzer was merely 2-5 ms yet they were
obtaining less that 75% deuteration for a simple 9 amino acid peptide [80]. The loss of
deuteration was attributed to the fact that the intrinsic exchange rates for the protons in
the side chains are on the order of 103-107 s-1 at pH ≈ 7 [81]. They modified their
electrospray unit so that it was in a dry nitrogen environment rather than atmospheric
conditions. After these modification they were able to drastically reduce back exchange
making this a simple, effective method for probing the global structure and stability of a
protein [80].
The method for global protein analysis just involves the exposure of a protein to a
deuterated solvent for a sufficient amount of time and then directly injecting a sample
into a mass spectrometer to measure the change in mass of the whole protein. Methods
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for the rapid analysis of specific regions of proteins were developed by Zhang and Smith
(see Figure 1.5) [82]. After H/D exchange is allowed to take place, the sample is diluted
with chloroacetic acid (0°C, pH~2.4) to “quench” the deuterium exchange. However,
this does not truly restrict back exchange but it does drastically slow down the exchange
rate to allow for further processing of the protein with minimal back exchange. After
quenching, the protein is digested by a protease, such as pepsin because of its activity at
low temperatures, and injected into a mass spectrometer. The mass of the fragments can
them be compared to hydrated controls to identify fragments that have been deuterated.
Repeating these procedures at different initial conditions (e.g., temperature and pH) can
provide information about specific regions of the protein that are affected by these
changes. The location of the region of a protein that is responsible for its functionality
can be identified by performing H/D exchange after the binding of a substrate.
The information obtained by regional H/D exchange analysis would be
tremendously beneficial if methods could be worked out to be used with adsorbed
proteins, especially in combination with CD analysis. The H/D exchange of regions that
were solvent inaccessible in the native conformation but accessible post-adsorption
would provide definitive evidence of changes in tertiary structure. Conversely, regions
that were no longer accessible would indicate areas that are sterically blocked by either
the surface or neighboring adsorbed proteins. A severe limitation for the use of H/D
exchange to study adsorbed proteins is the problem of back exchange and the increase in
processing time that would be necessary to desorb the protein, collect it, and then
enzymatically digest it. Another option would be to digest the protein while adsorbed,
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but in this case the digest rate would be inherently slower than in solution due to the
restrictions in movement and accessibility of the analyte. An alternative approach would
be to use a more stable modification technique in which solvent-accessible amino acids
of specific types were labeled in a more stable, permanent manner (e.g., via covalently
linking an identifiable functional groups to their side-chains) so that variances in process
times do not factor into the accuracy and reproducibility of experiments.

Figure 1.5. Schematic for determining deuterated regions of protein. A protein sample
in aqueous buffer is diluted with heavy water (D2O) to deuterate the amine backbone of
solvent accessible residues. Hydrogen/deuterium exchange is quenched by cold
chloroacetic acid and the protein is digested with pepsin. Peptide fragments are then run
through a mass spectrometer to determine the deuterated regions in the protein. (Image
taken Winston, R. L.; Fitzgerald, M. C., Mass Spec Rev, 1997, 16, 165.)

25

Side-Chain Selective Chemical Modification
Side-chain selective chemical modification of proteins has been widely used for
more than 40 years as a quick, simple tool to gain information about the role of particular
amino acids in proteins [83]. It is defined as a process that results in the stoichiometric
alteration of a protein with the quantitative covalent transformation of a single, unique
amino acid residue without modifying any other amino acid residues or inducing
conformational change [84].
However, selective modification as defined is rarely obtainable since most
reagents react with nucleophiles in proteins; therefore these reactions are dependent on
the protonation state of the residue. The physical and chemical properties of a residue’s
functional group are heavily influenced by the local microenvironment, particularly with
nucleophilic groups like amine groups, carboxyl groups, phenolic hydroxyl groups, and
sulfhydryl. Hydrogen bonding with adjacent residues, electrostatic interactions between
nearby charged residues, and steric interference all play a role in the effective pK of
nucleophilic functional groups. For the amino acid of interest, the microenvironments are
not uniform for all residues within a protein or even the same residue from protein to
protein, thus modification may not take place despite the solvent accessibility of the
residue. Processing conditions can be altered in a non-physiological manner in order to
shift the protonation state of these functional groups so the desired labeling reaction may
occur, which can induce unknown changes in a protein’s structure and in some cases
cause the modification of multiple amino acid types. However, the effect that local
chemistry has on the pK of individual residues can also be used in a beneficial manner.

26

For example, residues that share the same charge (e.g. lysine and arginine) can be
preferentially modified with the proper selection of reaction pH, ionic strength, solvent,
temperature, and illumination [84].

Figure 1.6. Chemical reaction of (I) N-acetyl-L-tryptophan amide with (II) dimethyl(2hydroxy-5-nitrobenzyl)sulfonium bromide and (III) reaction product. (Image taken from
Heinrich, C. P.; Adam, S.; Arnold, W., FEBS Letters, 1973, 33, 181.)

Suckau et al. reported on the effectiveness of using selective chemical
modification along with MS to probe the surface topology of HEWL in solution [85].
Lysine residues were acetylated with acetic anhydride at varying concentrations to
determine the relative reactivities of the residues, which is a measure of their
accessibility. After modification, HEWL was enzymatically digested and analyzed by a
mass spectrometer to determine the location of the modified residues.
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A potential

problem with this approach, particularly if applied to adsorbed proteins, is that upon
acetylation the end group of the lysine side chain is converted from a positively charged
amine to a nonpolar methyl group. This relatively drastic change in the chemical state of
an adsorbed protein could influence the local stability at the site, the orientation of the
protein on the surface, or protein-protein interactions on the surface.
Ideally, for adsorption studies a reagent would be chosen that will modify
residues under the same conditions as are used for protein adsorption and in a manner
that minimally affects the charge or hydrophobicity of the amino acid residues. Also, for
CD studies, the substrates that proteins are adsorbed to must be optically transparent
since CD is a transmission spectroscopic technique. Therefore it would be advantageous
to use a reagent that can be quantified spectrophotometrically so that the analyses can be
carried out directly on the sample using the CD instrument without having to remove the
protein from the surface. Koshland’s reagent, 2-hydroxy-5-nitrobenzyl bromide, has
been frequently used for the colorimetric quantification of tryptophan residues in proteins
and peptides [86]. This reagent is prone to hydrolysis and has low solubility in water,
thus it must be dissolved in a dry organic solvent first; However, sulfonium salts of this
reagent are more stable and water soluble (see Figure 1.6) [87].
The labeling of tryptophan residues would provide a good marker of both changes
in tertiary structure and adsorbed orientation. These residues are often found in the
solvent inaccessible hydrophobic core of many proteins. Additionally, they are also
commonly located in solvent accessible positions near the active site of enzymes, where
they aid in catalysis by holding the substrate through hydrophobic interactions [88]. The
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presence of tryptophan near the active site should help to correlate changes in bioactivity
with adsorption-induced conformational changes and adsorbed enzyme orientation. A
reduction in post-adsorption bioactivity that is accompanied by a decrease in tryptophan
accessibility would indicate that adsorbed orientation plays a significant role in dictating
the reduction in the adsorbed bioactivity. This would also signify that the hydrophobic
core is not being solvent-exposed upon adsorption.

Conversely, an increase in the

accessibility of tryptophans following adsorption would provide definitive evidence of
changes in tertiary structure leading to increased solvent exposure.
Using the techniques discussed in this chapter, there is the potential to be able to
perform secondary structural analyses, bioactivity assays, and quantitative chemical
modifications in succession on the same sample of an adsorbed enzyme in order to probe
the effects of adsorption on the enzyme’s orientation and conformation, and how these
changes in turn influence its state of bioactivity. This would increase the amount of
information obtained from a single sample, produce a more complete characterization of
protein-surface interactions, and provide direction for surface design to either promote or
retard the adsorbed-state bioactivity of proteins.
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CHAPTER II
OBJECTIVES AND SIGNIFICANCE

RESEARCH OBJECTIVES
The overall objective of this study is to assemble and apply a comprehensive set
of methods to probe adsorption-induced changes in the secondary and tertiary structure of
enzymes and investigate the effect these changes, as well as adsorbed orientation, have
on their bioactivities. To achieve these goals, current protocols for determining the
secondary structure of adsorbed protein layers via CD must be refined to allow for the
analysis of proteins, as small as 14 kDa, adsorbed onto planar surfaces. Protocols based
on previously established spectrophotometric assay must then be developed to
compliment secondary structure analysis and assess changes in bioactivity and solvent
accessibility of specific residues.

RESEARCH SIGNIFICANCE
During the adsorption of an enzyme onto a surface its bioactivity can be reduced
by either of the following mechanisms, or a combination of both: conformational changes
around the active site or steric blockage of the active site by the surface or neighboring
enzymes. Numerous previously conducted enzyme adsorption studies have failed to
differentiate between these two effects. The development of methods that provide for a
more comprehensive analysis of protein-surface interactions will allow us to gain a better
understanding about the underlying mechanisms that effect enzyme bioactivity in the
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adsorbed state. Knowledge of the mechanisms behind the deactivation of an enzyme
(i.e., how conformational changes influence its bioactive state) would greatly aid in the
design of surfaces to either maximally retain or reduce bioactivity depending on the
intended application.
Through the use of CD, the adsorption-induced conformational changes of
proteins can be quickly assessed. While CD only provides limited information about the
tertiary structure of proteins, the incorporation of amino acid modification by irreversible
chemical reaction could be a powerful tool to probe changes in the conformation and the
orientation of the adsorbed proteins. Side-chain selective chemical modification allows
for the stable modification of amino acids in a highly reproducible manner and the
locations of modified residues can be determined through protein sequencing with
minimal concern of processing-induce reaction reversal. The detailed information about
protein structure and chemistry available from the Protein Data Bank (PDB) along with
bioactivity assays, CD analysis, and amino acid modification will provide a quantitative
measure of whether adsorption-induced changes in enzyme bioactivity are due to
adsorbed orientation effects, conformational effects, or both. This will provide methods
that can be used to substantially increase our understanding enzyme-surface interactions
at the molecular level and provide direction for design of surfaces to control adsorbed
enzyme bioactivity. In addition, the development of these methods has the potential to
reach far beyond adsorbed enzyme bioactivity, with these methods being applicable for
various other systems where the bioactive state of adsorbed biomolecules is of
importance.
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CHAPTER III
ADSORBED ENZYME ORIENTATION, CONFORMATION, AND BIOACTIVITY

INTRODUCTION
The adsorption of bioactive proteins (e.g., enzymes) to surfaces is critically
important in many technological and biomedical processes.

Devices using surface-

immobilized biomolecules to present molecularly recognized surfaces that elicit highly
specific, predictable responses have been used for many applications, such as biomimetic
materials, bioelectronics, biosensors, immunosensors, genetics, drug development, and
cell screening [5, 18-22, 89-91]. These devices are desirable because of the ease in
constructing miniaturized arrays and the potential for running numerous analyses in
parallel [3, 18].

A major concern with the implementation of these devices is the

reproducibility of their fabrication.

For this reason, alkanethiol self-assembled

monolayers (SAMs) have been researched extensively for these applications because they
form well-ordered, dense, thin films of a precise thickness that are stable even after the
immobilization of biomolecules [18, 92].
The structural and functional stability of the biomolecules that are immobilized on
the surface, as well as any biomolecules that subsequently bind, is vital to the
performance of these devices.

The development of techniques that are effective in

measuring the molecular structure of adsorbed biomolecules and assessing their
bioactivity would aid in the development of highly efficient biomimetic surfaces.
Circular dichroism (CD) has been shown to be effective in quantitatively measuring the
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secondary structure of protein layers adsorbed onto bare quartz slides, gold-coated quartz
slides, and polymer coated quartz slides [13, 37-39]. While these studies provide very
useful information regarding the effect of adsorption on the structure of proteins, they
provide little insight regarding how these structural changes translate to changes in the
bioactive state of the proteins.
The objective of our research program was therefore to develop a technique that
can be used to not only determine how surface chemistry influences the structure of
adsorbed proteins, but how these structural changes translate into changes in the bioactive
state of the proteins on the surface. For these studies, we have selected a series of
enzymes with well documented molecular structures and bioactive sites as our model
bioactive proteins and alkanethiol self-assembled monolayer (SAM) surfaces on goldcoated quartz slides as our functionalized surfaces. By using thin gold coatings (i.e., 100
Å) for the preparation of these surfaces, these substrates provide sufficient optical
transparency in the ultraviolet and visible light wavelength ranges to enable both CD and
colorimetric bioactivity assays to be performed on the same protein-coated surfaces. This
combination of methods enables assessment to be made at the molecular level regarding
how the adsorbed orientation and adsorption-induced changes in conformation of the
protein influence its bioactivity, thus providing new insights into how surface chemistry
can be used to control the bioactive state of an adsorbed protein layer. The results of
these studies show that the effect of adsorption on the bioactive state of the adsorbed
proteins is specific to the type of the bioactive site in the protein, and that adsorption can
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either promote or inhibit bioactivity depending on how the surface chemistry influences
the orientation and conformational state of the protein on the surface.

MATERIALS AND METHODS
Alkanethiol SAMs
Bare quartz slides purchased from Chemglass (Vineland, NJ) were coated with a
30 Å chromium adhesion layer followed by a 100 Å gold layer using a thermal vapor
deposition (TVD) evaporator (Model E 12 E, Edwards High Vacuum Ltd.). Prior to
TVD, the slides were thoroughly cleaned by incubating them at 50°C for 30 minutes in
each of the following solutions, in order, with this cycle being then repeated a second
time: “piranha” wash (7:3 H2SO4/H2O2), a basic solution (1:1:5 NH4OH/H2O2/H2O), and
an acidic solution (1:1:5 HCl/H2O2/H2O). After each cleaning step, the slides were
thoroughly rinsed with nanopure water. Once the cleaning process was complete the
slides were dried with flowing nitrogen gas before being placed in the evaporator for
deposition. The gold-coated slides were then sonicated at room temperature for 1 min in
a sulfuric acid solution (8:2 H2SO4/H2O2) and rinsed with nanopure water.

The

cleaned/coated slides were rinsed with 100% ethanol and placed into the appropriate 1
mM alkanethiol solution (purchased from Aldrich, Asemblon, and Prochimia) in ethanol
for a minimum of 16 hours.

All of the alkanethiols (HS-(CH2)n-R) used in these

experiments have an 11-carbon alkyl chain and one of the following terminal groups: R=
CH3, OH, NH2, or COOH. After surface modification, the slides were sonicated for 15
seconds in ethanol, followed by an ethanol rinse and then stored in ethanol until used.
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Hydrocarbon contaminants are known to readily adsorb onto surfaces that are
exposed to the atmosphere.

Therefore, Triton® X-100 (Figure 3.1) was used as a

detergent to ensure clean SAM surfaces prior to surface characterization and protein
adsorption. The detergent also serves as a blocking agent to cover hydrophobic defects
(e.g., grain boundaries) on SAMs with non-methyl terminating groups.

All SAM

substrates were sonicated in a 10 mM phosphate buffer containing 0.005% (v/v) Triton®
X-100 for 5 minutes then thoroughly rinsed with pure buffer. The buffer was adjusted to
a pH of 7.4 by mixing the appropriate amounts of 10 mM K2HPO4 and KH2PO4
solutions. COOH-, OH-, and NH2-SAMs were then sonicated in ethanol followed by
acetone for 5 minutes each and thoroughly rinsed with pure buffer so that only strongly
adhered detergent molecules remained. CH3-SAMs were sonicated for 5 minutes each in
ethanol, hexane, and ethanol again, and then rinsed thoroughly with buffer in an effort to
remove all detergent from the surface.

Figure 3.1. Chemical structure of Triton® X-100, which is used as a detergent and
blocking agent on alkanethiol SAMs. (n = 9-10)

Ellipsometry
Ellipsometry measurements were taken using a Sopra GES 5 variable-angle
spectroscopic ellipsometer prior to surface modification to obtain the bare gold optical
constants and after surface modification at six different spots to calculate the thickness of
the alkanethiol SAMs.

The spectra were collected at an incidence of 75° in the
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wavelength range of 250-800 nm at 10 nm intervals and thicknesses were calculated
using the regression method in Sopra’s Winelli (ver. 4.07) software.

Contact Angle Goniometry
The surface energy of the gold and the SAM surfaces were characterized by
contact angle goniometry using a CAM 200 optical contact angle goniometer from KSV
Instruments Ltd. The advancing contact angles, using a 10 mM potassium phosphate
buffer (pH 7.4), from six separate drops were measured on the bare and surface modified
gold substrates.

X-ray Photoelectron Spectroscopy
The alkanethiol SAMs were characterized by X-ray photoelectron spectroscopy
(XPS) to obtain the chemical composition of the films to ensure purity. After surface
treatment and SAM formation, the slides were dried and packaged in a nitrogen
environment and sent to NECSAC/BIO at the University of Washington for all XPS
analyses. Samples were analyzed using a Surface Science Instrument (SSI) X-Probe
spectrometer (Mountain View, CA) or a Kratos-Axis Ultra DLD spectrometer, equipped
with a monochromatic Al Kα source (KE = 1486.6 eV), a hemispherical analyzer and a
multichannel detector. Spectra were collected at a photoelectron takeoff angle of 55° and
at 80 eV for survey spectra and 20 eV for high resolution C1s and S2p spectra.
Elemental compositions were determined from the peak areas in the spectra, using the
SSI data analysis software or Kratos Vision 2 software program.
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Model Enzymes
The following proteins, as well as their buffers and substrates, were all purchased
from Sigma unless stated otherwise: trypsin (TRP) derived from porcine pancreas (23.8
kDa, pI=10.5, PDB# 1S81), lysozyme (HEWL) derived from hen egg whites (14.4 kDa,
pI = 11.0, PDB# 1GXV), endo-1,4-β-xylanase (XYL) derived from thermomyces
lanuginosus (21.3 kDa, pI = 4.1, PDB# 1YNA), and glucose oxidase (GOx) derived from
aspergillus niger (160 kDa, pI = 4.2, PDB# 1CF3). Stock solutions of each protein (5
mg/mL) were prepared in a 10 mM potassium phosphate buffer.

Circular Dichroism
CD spectra were collected using a Jasco J-810 spectropolarimeter over the
wavelength range of 190-300 nm. The structural contents of the proteins in solution were
determined using 1.0 mg/mL protein solutions in a demountable quartz cuvette with a
0.10 mm path length (Starna) and pure buffer for the background spectra.

The

demountable cuvettes have two quartz slides, one of which has a 0.10 mm deep groove
ground into it that serves as a buffer well. Of course, when making measurements of the
solution structure of the protein, the light beam will also pass through the layer of protein
that is adsorbed on the sides of the cuvette. Preliminary studies conducted by our group
have shown that this adsorbed layer has negligible influence on the measured solution
structure of the protein [93]. For the protein adsorption experiments, a SAM-coated
quartz slide replaced the flat quartz window of the demountable cuvette. A custom
cuvette holder (Figure 3.2) capable of supporting four individual slides was designed for
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these studies to increase the signal-to-noise ratio for a more accurate measurement of the
structure of the adsorbed protein layers. All CD spectra were obtained using a watercooled sample holder (Jasco) attached to a circulating water bath operating at 15°C to
reduce the evaporation of buffer during CD scans.

Figure 3.2. Customized CD cuvette holder designed to hold four 0.10 mm demountable
window quartz cuvettes for the analysis of surface-adsorbed protein layers. Side view
(left), front view (right).

For the adsorption studies, background spectra were first collected of four sets of
four SAM substrates for each SAM composition prior to the adsorption of the proteins on
the surfaces. Afterwards, the slides were immersed in a Petri dish filled with buffer and
then the appropriate amount of the protein stock solution was added to yield a protein
concentration of 1.0 mg/mL. TRP, which is known to self-digest, was adsorbed for 30
minutes, whereas HEWL, XYL, and GOx were adsorbed for 24 hours to allow all the
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surfaces to fully saturate. CD experiments were performed to ensure that there was no
significant difference in the secondary structure of a fresh 1.0 mg/mL TRP solution and
the solution 30 minutes after preparation. Once the designated adsorption time elapsed
the protein solutions were infinitely diluted with buffer to remove the reversibly bound
protein and the slides were transferred to a clean dish filled with buffer, then mounted
with the grooved slide under buffer solution and placed in the cuvette holder.
Preliminary studies were conducted for each of our proteins using SPR spectroscopy to
ensure adsorption irreversibility for each of our model proteins. This was necessary to
ensure that the CD spectra of the adsorbed protein layers were not influenced by soluble
protein in the buffer solution that may have desorbed from the surface after the slides
were mounted in the holder.
The background spectra were subtracted from the spectra of samples containing
protein and the resulting spectra were converted to molar ellipticity ([Θ]) according to the
following equations [47]:
[Θ] = (Θ × M0) / (10,000 × Csoln × L)

(2.1)

[Θ] = (Θ × M0) / (10,000 × Cads)

(2.2)

where [Θ] is the molar ellipticity (deg·cm2/dmol), Θ is the raw ellipticity values obtained
from the instrument (mdeg), M0 is the mean residue molecular weight (118 g/mol), Csoln
is the protein solution concentration (g/mL), Cads is the protein surface concentration
(g/cm2), and L is the optical path length (cm).
The protein concentrations in solution (Csoln) and on the SAM surfaces (Cads) were
determined using the peptide absorbance peak at 195 nm (A195).
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For these

determinations, a calibration curve was first constructed for each protein by plotting A195
vs. protein concentration multiplied by the path length (Csoln × L) using serial dilutions of
stock solutions of each protein with known concentration, with the concentration of the
stock solution being verified by a bicinchoninic acid (BCA) assay (Pierce). Based on the
Beer’s Law relationship, which is expressed as [43, 94]:
A195 = εsoln × Csoln × L

(2.3)

the slope of each calibration curve, which is referred to as the extinction coefficient (εsoln;
with units of mL/(g·cm)·or cm2/g), was then used to calculate the solution concentration
(Csoln, in g/mL) and the surface concentration (Cads, in g/cm2) of the proteins by:

C so ln =

A 195
ε soln L

and

C ads =

A195
.
ε soln

(2.4)

It should be noted that in the Beer’s Law relationship for the surface adsorbed proteins,
the Csoln × L term in Eqn. (2.3) is replaced by the surface concentration of protein (Cads).
Preliminary studies were conducted using ellipsometry to confirm the validity of using
CD to measure Cads via Eqn. (2.4) [93]. By plugging the relationships expressed in Eqn.
(2.4) into their respective relationships shown in Eqns. (2.1) and (2.2), the spectra were
converted to units of molar ellipticity, and were then deconvoluted using CDPro software
to obtain a quantitative assessment of the secondary structural content (i.e., percent αhelix and β-sheet) of the proteins in solution and on each of the functionalized SAMsurfaces [61, 64]. With respect to helicity, the algorithm used for deconvolution reports
the total helical content (i.e., α-helix and 310-helix combined together to give total
helicity).
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Figure 3.3. Custom cuvette designed for the Jasco spectropolarimeter for operation in
the wavelength range of 190 to 590 nm for protein quantification and spectrophotometric
bioactivity assays.

Bioactivity Assays
A cuvette was custom designed for the spectropolarimeter to hold 4 gold coated
slides for the purpose of performing the bioactivity assays for the adsorbed proteins
(Figure 3.3). Quartz windows were secured to a polyetheretherketone (PEEK) holder,
allowing for the transmission of light in the visible wavelength range for colorimetric
activity assays as well as the far UV range for the quantification of the amount of protein
adsorbed on the surface (Cads). This cuvette was used due to the high surface to volume
ratio, minimal amount of substrate needed to fill cuvette (400 µL), and the ability to
easily pipette substrate solution in and out of the cuvette. Although CD measurements
for structural determination could also be taken using this cuvette [93], the setup
mentioned in the previous section was used for CD because the shorter path length
through the buffer solution provided by the cuvette shown in Figure 3.2 provides a higher
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signal-to-noise ratio for a given scanning speed, which was found to be beneficial for the
determination of the adsorbed structure for small proteins such as lysozyme.
In preparation for the bioactivity studies, the proteins were adsorbed onto the
slides and Cads was quantified according the methods described in the previous section.
After measuring Cads, the buffer was replaced with 400 µL of the appropriate enzyme
substrate solution to assay the bioactivity of the adsorbed protein layer. The rates of
change in the absorbencies of the substrates were determined and these values were then
normalized by the concentration of the protein on the surface (i.e., Cads). Control studies
were also conducted to measure the bioactivity rate of each free floating protein in
solution, which was then normalized by the solution concentration of the protein times
the path length (i.e., Csoln × L) for comparison with the activity rate for the adsorbed
protein layer. The normalized bioactivity rate of each adsorbed protein was then divided
by the normalized bioactivity rate of the free floating protein and multiplied by 100% to
calculate the percentage of bioactivity retained after adsorption.
The substrate for TRP was a 1 mM N-α-benzoyl-DL-arginine-4-nitroanilide
hydrochloride in 8% (v/v) dimethyl sulfoxide and the absorbance at 405 nm was
continuously monitored [95]. The following dyed peptidoglycan suspensions were used
as substrates for HEWL and XYL, respectively:

3 mg/L peptidoglycan from

staphylococcus aureus dyed with Remazol Brilliant Blue R (RBB-R) read at 595 nm [96]
and 0.1 mg/mL 4-O-methyl-D-glucuron-D-xylan dyed with RBB-R read at 590 nm [97].
Dyed, low molecular weight fragments were released from each of the peptidoglycan
substrates as they were enzymatically digested. After 2 minutes of incubation, 200 µL of
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the substrate was pipetted out of the cuvette and added to 600 µL of ethanol to terminate
the reaction and precipitate the undigested, high molecular weight fragments.

The

mixtures were then vortexed and left to equilibrate for 10 minutes, after which they were
centrifuged at 1,500 g for 10 minutes and the supernatant was then collected and the
absorbance read at the appropriate wavelength. The bioactivity of GOx was assessed
using a mixture of the following solutions: 2.4 mL of 0.66 mg/mL o-dianisidine, 0.5 mL
of 10% (w/v) β-D-glucose, and 0.1 mL of 5 mg/mL horseradish peroxidase (HRP) read at
540 nm [98]. To avoid potential complications from competitive adsorption between
GOx and HRP [99], the slides were incubated in the o-dianisidine/β-D-glucose mixture
for 2 minutes (i.e., without the addition of HRP), 290 µL of the solution was pipetted into
a 48 well plate, and then 10 µL of the HRP solution was added, following which the
absorbance was read.

Statistical Analysis
The mean and 95% confidence interval (CI) were calculated for all of the sets of
the experimental data that were collected. Statistical differences were determined using a
Student’s unpaired t-test with values of p ≤ 0.05 considered to be statistically significant.

RESULTS AND DISCUSSION
Surface Characterization
The alkanethiol SAMs formed on gold-coated slides were characterized using
contact angle goniometry and ellipsometry to obtain the advancing contact angle and
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thickness for the various functionalized surfaces, respectively (Table 3.1). The contact
angle values are in close agreement with other published values [100, 101].

The

ellipsometry measurements showed that the film thicknesses correspond with a single
alkanethiol monolayer on each surface. The XPS results (Table 3.2) also verified that
single alkanethiol monolayers were formed with negligible amounts of oxidized sulfur or
contaminates. The presence of oxygen on the NH2-SAM and an excess of oxygen on the
OH-SAM are believed to be due to tightly bound water on the surface [102].

Table 3.1. Advancing contact angle (10 mM phosphate buffer solution at pH 7.4) and
thickness of SAM surfaces (N=6, mean ± 95% CI). Measured surface dissociation
constants using SPR spectroscopy based on the “bulk” pH (pKd(bulk)) and the calculated
pH at the SAM surface (pKd(surf)). (N=4, mean ± 95% CI)
CH3

OH

COOH

NH2

Contact Angle (°)

100.9 ± 1.9

17.6 ± 1.9

17.9 ± 1.3

47.6 ± 1.8

Thickness (Å)

11.5 ± 2.2

12.1 ± 1.4

15.8 ± 1.9

14.7 ± 2.5

pKd(bulk)

--

--

7.4 ± 0.2

6.5 ± 0.3

pKd(surf)

--

--

5.0 ± 0.2

8.9 ± 0.3

Table 3.2. Atomic composition (%) measured by XPS of all elements, with the
exception of Au, present on the alkanethiol SAMs. (N=3, mean ± 95% CI)
Alkanethiol SAM

C1s

S2p

N1s

O1s

HS-(CH2)11-NH2

85.3 ± 1.4

3.2 ± 0.4

6.3 ± 0.5

5.2 ± 0.5

HS-(CH2)11-COOH

83.8 ± 3.2

2.8 ± 0.2

--

13.4 ± 0.6

HS-(CH2)11-CH3

95.9 ± 1.0

4.1 ± 0.3

--

--

HS-(CH2)11-OH

84.6 ± 1.2

4.2 ± 0.8

--

11.2 ± 0.3
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In a previous study, we measured the surface pKd of the COOH- and NH2-SAMs
using SPR spectroscopy [103]. We determined that the “effective” pKd, based on the pH
of the bulk solution, was 7.4 ± 0.2 and 6.5 ± 0.3 (N=4, mean ± 95% CI) for the COOHand NH2-SAMs respectively (Table 3.1). The pKd for each of the SAMs based on the
calculated shift in pH at the SAM surface were 5.0 ± 0.2 and 8.9 ± 0.3 for the COOHand NH2-SAMs respectively, which is much closer to the solution pKd of acetic acid
(CH3COOH, pKd = 4.7) and methylamine (CH3NH2, pKd = 10.5) [104]. According to
those results, when the bulk pH is 7.4 approximately 50% of the COOH groups are
deprotonated and negatively charged and 11% of the NH2 groups are protonated and
positively charged.

Solution Structures
TRP is a relatively small, globular enzyme (~23 kDa) that has a net positive
charge at the physiological pH of 7.4 (pI=10.5) [105]. Since it is susceptible to autolysis,
fresh stock solutions were made immediately before all experiments and the adsorption
time was limited to 30 minutes. Per the published PDB structure, the predominant
structural unit in TRP is β-sheet, with 32% of its residues in that conformation. It also
has three helices, which account for 9% of the protein (Figure 3.4) [106]. The solution
structure that we measured for TRP by CD consisted of 29 ± 1% β-sheet and 10 ± 1%
helix (Figure 3.5), which is in very close agreement with the PDB structure.
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Figure 3.4. Left Side: Protein data bank (PDB) images of the structures of the proteins
with their active sites represented in dark blue, helices in pink, β-sheets in yellow,
random segments in white. Right Side: PDB images of the proteins with their active sites
represented in dark blue, nonpolar residues in green, polar residues in white, positively
charged residues in red, negatively charged residues in light blue. The PDB numbers and
the active site amino acid residues are as follows: TRP (PDB #1S81) His57, Asp102, and
Ser195 [110], HEWL (PDB #1GXV) Glu35 and Asp52 [111], XYL (PDB #1YNA)
Glu86 and Glu178 [29], and GOx (PDB #1CF3) Glu412, His516, and His559 [112].

HEWL is another small, globular enzyme (~14 kDa) [107] that has a net positive
charge at the physiological pH of 7.4 (pI=11.0) [108]. Refaee et al. reported that the
solution structure of HEWL consists of five helices that account for 38% of the protein
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and one β-sheet in which 10% of the residues reside (Figure 3.4) [109]. Our CD
measurements determined the solution structure of HEWL to be 38 ± 1% helix and 12 ±
1% β-sheet (Figure 3.5), which is again in very good agreement with the NMR solution
structure in the PDB file.

Figure 3.5. The percentage of helices and β-sheets present in 1.0 mg/mL protein
solutions and after adsorbing on the different SAMs for 30 minutes (TRP) or 24 hours
(HEWL, XYL, GOx), as determined by CD. TRP was adsorbed onto the NH2-, OH-, and
COOH-SAMs with and without exposure Triton® X-100 prior to protein adsorption,
whereas all other adsorption studies used this blocking agent on these SAMs. The
asterisk denotes adsorbed values that are statistically different compared to its
corresponding solution value. (N=4, mean ± 95% CI)

XYL from thermomyces lanuginosus is a compact (~ 21 kDa), acidic (pI=4.1)
strain that is one of the most thermally stable (max. activity at 70ºC) because it has nearly

47

twice as many salt bridges as other strains and a disulfide bond that secures its α-helix to
the β-sheet [29]. The crystal structure of this strain of XYL consist of two large, twisted
β-sheets that account for 63% of the protein and 5% of the residues reside in its one α-

helix (Figure 3.4) [29]. The percentages of β-sheet and α-helix for XYL in solution were
measured by CD to be 39 ± 2% and 7.0 ± 2%, respectively (Figure 3.5), with the β-sheet
content thus not being in close agreement with the reported PDB structure. The β-sheets
in XYL are highly curved, resulting in wide variations in the bond angles. It is believed
that these variations may be responsible for the underestimation of β-sheet by CDPro
[67]. As shown below, the enzyme still retained a substantial level of activity leading us
to believe that low β-sheet values measured in CD is an artifact caused by the contorted
β-sheets.

GOx is an acidic, dimeric glycoprotein consisting of two identical 80 kDa
subunits, each containing one non-covalently bound flavin adenine dinucleotide (FAD)
coenzyme. The monomer subunit (Figure 3.4) is made up of 583 residues, 34% of them
in helical structures and 23% in β-sheets, with only one disulfide bond [113]. Our CD
results of the solution structure were again found to be in close agreement with the PDB
structure, with the secondary structure measured to be 36 ± 2% helix and 21 ± 2% β-sheet
(Figure 3.5).
As shown from these results, our CD results for the solution structures of three
out of four of our proteins were in very close agreement with their published PDB
structures, with the β-sheet structure of XYL being substantially lower than the expected
structure. The excellent agreement for the other three proteins along with the α-helix
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content of XYL gives us reason to trust that our CD values are correct for the protein
samples used in our studies.

Effect of Blocking Agent on Adsorbed Structure and Bioactivity
Defects in the SAMs, such as vacancies, packing gradients, step-wise faults, and
grain boundaries, are unavoidable but should be minimized. The amount of defects that
are present in a SAM surface are dependent on the roughness of the substrate surface and
its cleanliness, the concentration and purity of the alkanethiols, the temperature and time
of deposition, and solvent selection and purity [114]. These defects can expose the
underlying segments of the alkyl chains of the SAMs, thus presenting hydrophobic
patches to proteins at the surface. To address the influence of the presence of such
defects in the SAM surface, TRP adsorption experiments were performed both with and
without the use of a blocking agent (Triton® X-100) on the non-methyl SAMs to
determine if hydrophobic detects in the monolayers have a significant effect on the
adsorbed protein conformation and bioactivity. As shown in the Figure 3.5, the use of the
blocking agent did not significantly influence the conformation of adsorbed TRP on any
of the SAM surfaces. As shown in Figure 3.6, however, the use of the blocking agent did
have a substantial effect on the adsorbed-state bioactivity of TPR, with the bioactivity of
this protein on the charged SAM surfaces being significantly higher when the blocking
agent was used. An explanation for these results is provided in the following section.
Based on these results, the blocking agent was used for the subsequent studies conducted
with HEWL, XYL, and GOx.
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Figure 3.6. Bioactivity of the adsorbed protein layers on the various SAMs after
incubating in a 1.0 mg/mL protein solution for 30 minutes (TRP) or 24 hours (HEWL,
XYL, GOx). In the case of TRP, slides were incubated with and without exposure to
Triton® X-100 prior to adsorption on the OH-, COOH-, and NH2-SAMs, with the
asterisk denoting a significant difference between the bioactivities on each SAM. The
blocking agent was used for all other systems on the non-methyl SAMs. The adsorbed
activity rates were normalized by the solution activities to estimate the percent of active
protein on the surface. (N=4, mean ± 95% CI)

Correlations Between Structure & Bioactivity for Charged SAM Surfaces
There was a slight, but still significant change in the helical content and/or β-sheet
of the adsorbed TRP layers with respect to its solution structure (Figure 3.5) on the
charged SAMs. However, as noted in the previous section, there was no significant
difference in the secondary structures between the NH2- and the COOH-SAM surfaces
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with or without pretreatment with the blocking agent. These results indicate that for
TRP, which is a “hard” protein stabilized by six disulfide bonds, the presence of the
hydrophobic defects on the SAM surfaces did not induce a detectable change in the
conformation of the adsorbed protein layer.
Unlike the adsorbed protein conformation, the bioactivity of the adsorbed protein
on the charged SAM surfaces was drastically affected by the presence of a blocking agent
(Figure 3.6). There was a significant increase in the bioactivity of TRP adsorbed onto the
charged SAMs that were treated with the blocking agent. For the NH2- and COOHSAMs, the estimated percent of active protein nearly tripled with the use of a blocking
agent, from 37 ± 11% to 92 ± 7% and from 6 ± 4% to 15 ± 3%, respectively (mean ±
95% CI).

The low activity on the COOH-SAM is consistent with the report by

Koutsopoulos et al. stating that the activity of TRP was reduced to 9% of the solution
activity upon adsorption to negatively charged silica spheres [73]. These results can be
explained by the fact that the face of TRP where the active pocket resides (Figure 3.4)
has several positively charged residues that are distinctly separated from the negatively
charged residues that appear relatively far away from the active site. We believe that
electrostatic repulsion of this face on the NH2-SAM prevented the active site from being
blocked by either the surface or a neighboring adsorbed protein molecule, thus explaining
the very high activity of the protein on this surface. However, because the NH2-SAM has
relatively low charge density, this orientation effect can be expected to be relatively
weak. In this case, the presence of unblocked hydrophobic defects on the surface (i.e.,
without Triton®) combined with the approximately uniformly scattered hydrophobic
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patches on the TRP surface, may result in the protein adsorbing in a much more random
orientation when adsorbed without the use of the blocking agent. Conversely, on the
COOH-SAM, this face should be preferentially adsorbed against the surface, even more
so than the repulsion of it on the NH2-SAM, since the COOH-SAM has a substantially
higher surface charge (solution pH = pKCOOH). In this case, it is proposed that the
presence of the nonpolar residues surrounding the active site combine with the
electrostatically induced orientation effect to cause this face of the protein to be more
tightly adsorbed to the surface, thus further contributing to reducing access of the
enzyme’s substrate for this active site on the unblocked surfaces. These results clearly
illustrate that defects in the SAMs can play a significant role in the bioactivity of an
adsorbed protein layer. The blocking agent was therefore used for all subsequent studies
on the NH2-, COOH-, and OH-SAMs.
HEWL, like TRP, is a small basic protein that is stabilized by multiple disulfide
bonds. This protein showed no statistical change in secondary structure upon adsorption
onto the oppositely charged, COOH-SAM (Figure 3.5). Despite the preservation of
secondary structure, the bioactivity of the adsorbed protein layer was the lowest on this
SAM, which was expected since there have been previous reports of low retention of
activity on negatively charged surfaces [115]. Although the active cleft itself contains
negatively charged residues, there is a concentration of positively charge residues outside
of both sides of the cleft (Figure 3.4). Therefore the active face should tend to be
electrostatically attracted to the COOH-SAM and repelled by the NH2-SAM. While the
bioactivity of the adsorbed HEWL layer on the positively charged SAM showed a
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dramatic increase compared to the negatively charge surface, the majority of the protein
on the surface still remained inactive. The predominant secondary structures in HEWL
are helices, which are highly susceptible to confirmation changes upon adsorption. There
was significant reduction in their content upon adsorption onto the NH2-SAM. These
combined results suggest that the reduction of HEWL bioactivity on the NH2-SAM
surface was primarily due to conformational changes around the active cleft that rendered
the proteins inactive despite an electrostatic preference of the protein to adsorb in an
orientation that should cause the active cleft to be accessible to the substrate.
As shown in Figure 3.5, the NH2-SAM induced a significantly greater degree of
conformational change in both XYL and GOx compared to the COOH-SAM surface,
which should be expected since the NH2-SAM has more hydrophobic character and thus
has the potential to interact more strongly with the nonpolar amino acids making up the
core of the protein than the COOH-SAM [116]. Adsorption of both of these proteins on
the NH2-SAM induced a significant loss in helicity with a concomitant increase in βsheet. It has been previously reported that an increase in β-sheet may often accompany a
decrease in α-helix as a protein adsorbs, with the loss in α-helix reflecting a
destabilization of the native structure of the protein and the increase in β-sheet being due
to the surface acting as a planar template for the alignment of the polypeptide chain
segments as the protein unfolds and spreads out on the surface over time [117]. The
increase in the content of β-sheet in both of these proteins along with the decrease in αhelix is consistent with this concept and indicates that the NH2-SAM caused a greater
degree of spreading out of the proteins on the surface. This effect is believed to be
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particularly important for XYL based on a report by Gruber et al. [29], which stated that
the distance between two of the amino acid residues in the active cleft in the native state
is greater than the distance required for catalysis. This infers that the binding of the
substrate in the active cleft induces a conformational change that brings these two
residues closer together [29]. For an adsorbed protein, if this gap is increased to the point
that it cannot close during substrate binding, or the dynamics of the protein are restricted
as a result of protein-surface interactions, the bioactivity can be expected to be
compromised.
Similar to TRP and HEWL, the two acidic proteins, XYL and GOx, showed a
markedly different level of bioactivity on the two charged surfaces, with higher
bioactivity on the surface that carried the same charge as the protein (Figure 3.6). This
again suggests that the charged residues are not uniformly distributed over the surface of
the protein, but rather are positioned to provide a generally polar state leading to the
ability of a charged surface to influence to adsorbed orientation of the protein. For XYL,
this distribution can be clearly seen in Figure 3.4 with the presence of positively charged
residues being preferentially located on the right side of the bioactive cleft and negatively
charged residues on the left, with two negatively charged residues being located directly
inside of the cleft itself. The bioactive site is thus likely to be repelled on the COOHSAM due to electrostatic repulsion, leading to increased substrate accessibility compared
to the NH2-SAM, thus resulting in higher bioactivity on the COOH-SAM due to adsorbed
orientation effects. A previous study on XYL strains adsorbed onto methacrylic acid and
methyl-methacrylate copolymer reported reductions in activity of around 40%, which
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correlates well with what we observed [30]. While a similar separation of charges is not
readily apparent on the GOx protein, the substantial difference in the adsorbed bioactivity
on the two oppositely charged surfaces indicates that the adsorbed orientation of this
protein is strongly influenced by surface charge.
Taken together, the results of the studies with the charged surfaces indicate that
the orientation of the bioactive site is substantially influenced by the charge of the surface
relative to the charge of the protein in the region of the bioactive site. The same-charged
surfaces tend to orient the proteins with the bioactive site facing away from the surface,
thus making the bioactive site accessible to the substrate, while oppositely charged
surfaces tend to orient the proteins with the bioactive site facing the surface, thus
sterically blocking substrate access.

Correlations Between Structure & Bioactivity for Uncharged SAM Surfaces
Adsorption on the hydrophobic CH3-SAM surface caused the most significant
degree of change in conformation for each of the proteins (Figure 3.5), with each protein
tending to refold in a manner that led to a general increase in β-sheet structure and a
decrease in α-helix. This is consistent with results reported by others that proteins adsorb
more strongly with a greater degree of conformational change with increasing surface
hydrophobicity [2, 116, 118]. As anticipated, the two small “hard” proteins with multiple
disulfide cross-links (TRP, HEWL) and the relatively small XYL protein with one
disulfide cross-link proved to be substantially more resistant to conformational changes
on the hydrophobic CH3-SAM surface than the much larger GOx protein. In comparison,
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adsorption of the relatively “soft” GOx protein on the CH3-SAM surface resulted in a
large amount of structural change with a 41% reduction in its α-helical structure and a
57% increase in β-sheet. In distinct contrast to this, adsorption of each protein on the
hydrophilic OH-SAM tended to not only result in a lesser degree of structural change, but
also induced a different type of structural change, with a general decrease in both the αhelical and β-sheet structures. These results indicate that while both the CH3- and the
OH-SAM surfaces tend to destabilize the native-state structure of the proteins, the
hydrophobic CH3-SAM surface is able to additionally act as a template to induce the
refolding of the protein with the formation of new β-sheet structure, which is believed to
form as the protein spreads out on the surface.
Although adsorption on the uncharged surfaces induced relatively small changes
in the conformational state of three of the four proteins, the process of adsorption resulted
in quite substantial changes in the bioactivities of all four of the proteins and, quite
surprisingly, resulted in three distinctly different types of response. As shown in Figure
3.6, TRP exhibited a substantial decrease in bioactivity on both the CH3-SAM and the
OH-SAM surfaces with no significant difference between these two surfaces, HEWL and
XYL both retained a relatively high amount of activity on the OH-SAM surface while
their activity was drastically reduced on the CH3-SAM surface, and GOx showed the
exact opposite response compared to HEWL and XYL, with maximum activity being
exhibited on the CH3-SAM surface and minimum activity on the OH-SAM. We will
attempt to provide an explanation for this set of very interesting results in the following
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paragraphs based on the PDB structures of each of these enzymes and the characteristics
of each of these SAM surfaces.
It can be seen in the PDB images of the four proteins (Figure 3.4) that both the
nonpolar and the polar amino acid residues are distributed in a fairly uniform manner
over each protein’s surface.

Therefore, in the absence of electrostatic interactions

between the proteins and the SAM surfaces, it can be expected that the proteins will
adsorb in a fairly random orientation on both of these surfaces, with the nonpolar amino
acid residues tending to favorably adsorb to the CH3-SAM through hydrophobic
interactions and the polar amino acid residues tending to favorably adsorb to the OHSAM surface through hydrogen bonding. It can also be expected that the CH3-SAM will
adsorb the proteins more tightly to the surface without an intervening hydration layer,
while the OH-SAM surface can be expected to more weakly adsorb the protein and stay
fairly hydrated due to its capacity to form strong hydrogen bonds with water as well as
with the protein [116, 119, 120]. Additionally, as clearly observable in Figure 3.4, the
bioactive sites contained in these four enzymes fall into two distinctly different classes.
The bioactive sites in HEWL and XYL are in the form of a cleft along the side of the
enzyme while TRP and GOx have comparatively small bioactive pockets, with the pocket
in GOx being deeply imbedded within the protein.
As shown in Figure 3.6, the bioactivity of TRP was not significantly different on
the CH3- and the OH-SAM surfaces, with the bioactivity on each of these surfaces being
less than 25% of their solution bioactivities. Since the adsorbed orientations of TRP on
both of these surfaces can be expected to be distributed fairly uniformly, it is proposed
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that only a small percentage of the adsorbed proteins (i.e., less than 25%) were oriented
in a manner that enabled the pocket-type binding site to be accessible to the substrate,
with substrate access to the binding site for the majority of the adsorbed proteins being
sterically blocked by either the surface or neighboring adsorbed TRP. In contrast to this,
the two proteins with cleft-type bioactive sites (HEWL and XYL) both retained activities
over 50% of their solution activities when adsorbed on the OH-SAM but lost
substantially more activity when adsorbed on the CH3-SAM surface. The fact that these
proteins exhibited much greater bioactivity on the OH-SAM surface compared to TRP
suggests that the cleft-type binding site of HEWL and XYL is less susceptible to being
blocked by steric hindrance effects than the pocket-type binding site of TRP. It is
proposed that tighter adsorption of the HEWL and XYL proteins to the CH3-SAM
surface compared to the OH-SAM surface, combined with differences in water structure
adjacent to these surfaces, then resulted in a situation where access to the cleft-type
binding site was prohibited to a much greater degree on the CH3-SAM compared to that
of the OH-SAM.
The most surprising result from these studies was exhibited by the effect of
adsorption on GOx. The CD results show that GOx underwent a very large degree of
structural change on the CH3-SAM surface with a loss of about 41% of its helical content
combined with about a 57% increase in β-sheet. As previously noted, the substantial
increase in β-sheet content following adsorption indicates that the protein underwent a
substantial amount of spreading out on the CH3-SAM surface. In comparison, adsorption
of GOx on the OH-SAM surface resulted in relatively minor changes in its structure, with
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only about a 15% loss in both its α-helix and β-sheet structures. Conventional reasoning
would predict this would result in a dramatic reduction in GOx’s bioactivity on the CH3SAM surface with much higher bioactivity on the OH-SAM surface. However, the
bioactivity results showed the exact opposite response, with maximum bioactivity (about
75%) being retained on the CH3-SAM surface while minimum bioactivity (only about
15%) was retained on the OH-SAM surface.

Figure 3.7. View of the active face of GOx with the active site residues colored dark
blue, the pocket lid colored purple, helices colored pink, and β-sheets colored yellow.

It is apparent from these results that the adsorption-induced structural changes in
GOx somehow facilitated substrate access to the bioactive site of in GOx. We propose
the following argument to explain this interesting behavior. In GOx, the active site
resides within a deep pocket in the center of each subunit along with the FAD coenzyme
moiety. Residues 75-98 form a lid that closes the pocket, holding the FAD molecule
within the protein and leaving a narrow funnel leading to the active site (see Figure 3.7)
[121]. Although the CH3-SAM induces the most conformational changes within the
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protein, the buried active site is apparently remaining intact and accessible.

The

distribution of protein orientations should be fairly uniform on both neutrally charged
CH3- and OH-SAMs yet the activity is about five times greater on the CH3-SAM. It is
proposed that the large degree of spreading of the GOx on the CH3-SAM surface causes
the bioactive funnel to be opened up, with the combined effect of both rendering it more
accessible to its substrate while increasing the rate of diffusion for both the substrate and
its reaction products in and out of the pocket, respectively. In contrast to this, it is
proposed that the low degree of conformational change induced by adsorption to the OHSAM surface combined with a uniformly distributed orientation of the protein on the
surface results in a situation similar to that of TRP, with substrate access to the pockettype binding site being sterically blocked by the surface and neighboring adsorbed
proteins. This concept is further supported by the fact that the bioactivities of GOx and
TRP on the OH-SAM surface are not significantly different from one another, with both
proteins being only about 15 – 20% active on this surface.
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CONCLUSIONS
In this study, methods were developed to quantitatively assess the effects of
adsorption on both the secondary structure and the bioactive state of a set of four proteins
that ranged from 14.4 to 160 kDa in size. When used in combination with the known
native-state structures of the proteins, these methods provide a means to gain molecularlevel insights into how surface chemistry influences the orientation and conformation of
adsorbed proteins, and how this in turn influences the adsorbed-state bioactivity.
The developed methods were first applied to investigate the effect of defects in
alkanethiol SAM surfaces on the adsorption behavior of a protein with TRP used as the
model system. Adsorption studies conducted with and without the use of Triton® X-100
as a blocking agent showed that while these defect sites do not significantly alter the
conformational state of this protein, they are capable of causing substantial changes in its
adsorbed-state bioactivity. It was concluded from these results that a blocking agent
should be used when conducting bioactivity studies on alkanethiol SAM surfaces,
especially when evaluating the bioactive state of adsorbed proteins.
The combined results from all four proteins indicate that surface chemistry has a
very dramatic influence on the bioactive state of adsorbed proteins and suggest that these
effects are dependent on the type of bioactive site involved. In our studies, proteins with
a cleft-type of bioactive site behaved quite differently than proteins with a pocket-type
bioactive site. Surprisingly, the adsorption behavior and subsequent activity of GOx,
which has a deep pocket-type binding site, demonstrated that the loss of secondary
structure does not always translate into the loss of bioactivity. These results suggest that
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the adsorbed bioactivity can actually be enhanced by adsorption on surfaces that induce a
large degree of unfolding following adsorption, with protein unfolding potentially serving
to enhance access to the binding site.
The methods developed in this study are readily applicable for a wide variety of
enzymes and surfaces to quantitatively investigate how adsorption influences the
orientation and conformation of enzymes at the molecular level, and how this in turn
influences their adsorbed-state bioactivity.

The development of a molecular-level

understanding of the cause-and-effect relationships governing these types of interactions
has the potential to lead to the design of adsorbed-enzyme systems with improved
performance for a broad range of applications in biomedical engineering and
biotechnology.
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CHAPTER IV
PROBING THE CONFORMATION AND ORIENTATION OF ADSORBED ENZYME
LAYERS USING SIDE-CHAIN MODIFICATION

INTRODUCTION
Protein-surface interactions play a key role is the success or failure of materials
used for a wide variety of applications, ranging from industrial processes to implanted
biomaterials [5, 18-22, 89-91]. It is recognized that not only is the amount of proteins
adsorbed to these surfaces important, but the conformation and orientation of the proteins
as well, which influence the functionality of the protein in the adsorbed-state. This has
necessitated the development and/or enhancement of techniques to further the
understanding of protein-surface interactions at the molecular level.
Circular dichroism (CD) spectroscopy has been used extensively over the last few
decades to obtain a quantitative assessment of the secondary structure of biomolecules
[41, 70, 71]. CD is an attractive analytical tool due to its speed, sensitivity, rapid data
analysis, and capability of analyzing surface adsorbed proteins [13, 37-39]. However,
one drawback to CD is that it provides very limited information about the tertiary
structure of proteins and no information regarding adsorbed protein orientation.
The absorbance bands in the near-UV wavelength range (260-300 nm), which are
accessible with CD, are sensitive to the microenvironment around disulfide bonds and
aromatic residues, which are often found in both solvent accessible and inaccessible
locations throughout protein. This can be somewhat useful for detecting the binding of
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ligands to proteins since changes in the microenvironment around these residues cause
shifts in the absorbance bands [68, 69]. However, this information is purely qualitative in
the assessment of adsorption-induced changes to tertiary structure.
The objective of this research project was to develop a set of methods to
complement previously conducted CD and bioactivity studies of adsorbed enzyme layers
to quantitatively provide a greater level of detail on the tertiary structure and orientation
of these adsorbed proteins. Side-chain specific chemical modification was chosen as an
approach to achieve this goal. The selective modification of amino acids has seen
widespread use for more than 40 years in the field of proteomics because of its simplicity
and effectiveness [83]. Tryptophan is an ideal residue to label for our purposes since
solvent accessible tryptophans are located near the active site of the enzymes that will be
examined, hen egg white lysozyme (HEWL) and glucose oxidase (GOx), as well as
within the solvent inaccessible hydrophobic core.

Tryptophans can be covalently

modified under mild conditions and physiological pH using dimethyl(2-hydroxy-5nitrobenzyl)sulfonium bromide (DHNBS; 294.2 g/mol) and the extent of modification
can be determined spectrophotometrically in basic solutions (pH ≥ 10) [87]. This allows
for the quantitative measure of the degree of changes to the protein’s tertiary structure
and its orientation post-adsorption. An increased presence of modified tryptophans in the
adsorbed proteins following DHNBS treatment compared to those in solution will present
definitive evidence that previously solvent inaccessible residues are being exposed upon
adsorption, thus indicating adsorption-induced unfolding of the tertiary structure, whereas
a decrease in concentration would identify regions that are sterically blocked by either the
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surface or neighboring adsorbed proteins, thus providing information regarding adsorbed
protein orientation.
The combination of CD spectroscopy, bioactivity assays, and amino acid
modification will present a more complete set of protocols capable of analyzing proteinsurface interactions on a molecular level. Previous studies (see Chapter III) have shown
that there are stark differences in the adsorbed-state bioactivity of HEWL and GOx on
alkanethiol self-assembled monolayers (SAMs) as a function of surface chemistry. In
this chapter, tryptophan modification will be used to further probe protein unfolding
behavior on these surfaces and provide a means to further discriminate between losses in
bioactivity that are due to adsorption-induced conformational changes verses steric
hindrance of the active site due to adsorbed orientation.

MATERIALS AND METHODS
Alkanethiol SAMs
6” diameter quartz discs (Chemglass) were coated with a 50 Å chromium
adhesion layer followed by a 1,000 Å gold layer via thermal vapor deposition (TVD)
evaporator (Model E 12 E, Edwards High Vacuum Ltd.). The bare discs were cleaned by
incubating them in each of the following solutions, in order, at 50°C for 30 minutes then
repeating the cycle:

“piranha” wash (7:3 H3SO4/H2O2), a basic solution (1:1:5

NH4OH/H2O2/H2O), and an acidic solution (1:1:5 HCl/H2O2/H2O).

Following the

cleaning cycle, disc were rinsed thoroughly with nanopure water, 100% ethanol, and
dried with flowing nitrogen gas before being placed in the evaporator for deposition. The
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gold-coated discs were cleaned immediately before alkanethiol surface modification by
treating them with “piranha” wash at room temperature for 1 min then rinsing with
nanopure water and ethanol.

The discs were placed into the appropriate 1 mM

alkanethiol solution (purchased from Aldrich, Asemblon, and Prochimia) in ethanol for a
minimum of 16 hours, then rinsed and stored in ethanol. All of the alkanethiols (HS(CH2)n-R) used in these experiments have an 11-carbon alkyl chain and one of the
following terminal groups: R= CH3, OH, NH2, or COOH.
Prior to surface characterization and protein adsorption, all SAMs were cleaned to
remove any hydrocarbon contaminants that may have adsorbed onto their surface.
Methyl SAMs were rinsed with ethanol, hexane, ethanol, nanopure water, and then
placed in a 10 mM phosphate buffer. The buffer was adjusted to a pH of 7.4 by mixing
the appropriate amounts of 10 mM K2HPO4 and KH2PO4 solutions. The non-methyl
SAMs were rinsed with a 0.005% (v/v) Triton® X-100 solution, nanopure water, ethanol,
acetone, nanopure water, and then placed in the phosphate buffer.

Ellipsometry
Ellipsometry measurements were taken using a Sopra GES 5 variable-angle
spectroscopic ellipsometer after surface modification at six different spots to calculate the
thickness of the alkanethiol SAMs. The spectra were collected at an incidence of 75° in
the wavelength range of 250-800 nm at 10 nm intervals and thicknesses were calculated
using the regression method in Sopra’s Winelli (ver. 4.07) software.
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Contact Angle Goniometry
The surface energy of the gold and the SAM surfaces were characterized by
contact angle goniometry using a CAM 200 optical contact angle goniometer from KSV
Instruments Ltd. The advancing contact angles, using nanopure water (pH 7), from six
separate drops were measured on the bare and surface modified gold substrates.

X-Ray Photoelectron Spectroscopy
The alkanethiol SAMs were characterized by X-ray photoelectron spectroscopy
(XPS) to obtain the chemical composition of the films to ensure purity. After surface
treatment and SAM formation, the slides were dried and packaged in a nitrogen
environment and sent to NECSAC/BIO at the University of Washington for all XPS
analyses. Samples were analyzed using a Surface Science Instrument (SSI) X-Probe
spectrometer (Mountain View, CA) or a Kratos-Axis Ultra DLD spectrometer, equipped
with a monochromatic Al Kα source (KE = 1486.6 eV), a hemispherical analyzer and a
multichannel detector. Spectra were collected at a photoelectron takeoff angle of 55° and
at 80 eV for survey spectra and 20 eV for high resolution C1s and S2p spectra.
Elemental compositions were determined from the peak areas in the spectra, using the
SSI data analysis software or Kratos Vision 2 software program.

Protein Modification
To determine the change in the number of tryptophans that were accessible to
labeling before and after enzyme adsorption, baseline studies were first conducted to
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modify the solvent accessible tryptophans of the enzymes in their native state in solution
based on well-established protocols [84, 122]. These experiments were performed using
solutions (2.0 mg/mL) of HEWL (14.4 kDa, pI = 11.0, PDB# 1GXV) and GOx derived
from aspergillus niger (160 kDa, pI = 4.2, PDB# 1CF3) prepared in the phosphate buffer.
The proteins, as well as their buffers and substrates, were purchased from Sigma unless
stated otherwise. Fresh DHNBS solutions were prepared in buffer at concentrations that
were 100 times the molarity of the enzyme solutions. Equal aliquots of the enzyme and
DHNBS solutions were added together, vortexed for 2 min, and allowed to react for 30
minutes in the dark. The solutions were then dialyzed overnight in flowing nanopure
water to remove excess reagent.

Samples were set aside at this time for protease

digestion and peptide mapping by electrospray ionization mass spectrometry (ESI-MS) at
the Clemson University Genome Institute (CUGI) to determine the location of modified
tryptophan residues. The concentration of DHNBS was calculated by mixing equal
aliquots of the dialyzed solution and a 1 mM NaOH solution to increase the pH above 10
so that the absorbance peak at 410 nm could be read. The protein concentration was
measured using a bicinchoninic acid (BCA) assay kit (Pierce) and the DHNBS
concentration was divided by the protein concentration to yield the number of modified
tryptophans per molecule.

Protease Digestion
To prepare the modified enzyme samples for ESI-MS, in-liquid protease
digestions were performed according to previously reported methods [123, 124]. Briefly,
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4 µL of each protein solution (~ 1 mg/mL unmodified controls and DHNBS modified test
samples) was added to 100 µL of 1 mM ammonium bicarbonate. To reduce the disulfide
bonds, 3 µL of 45 mM dithiothreitol (DTT) was added and the sample was incubated at
37ºC for 20 minutes. After cooling to room temperature, the reduced cysteines were
alkylated by adding 4 µL of 100 mM iodoacetamide (IAA) and reacting in the dark for 20
minutes. The excess reagents were removed by lyophilizing to completion in a Savant
SpeedVac (Savant Instruments Inc., Holbrook, NY) for 1 hour.
HEWL samples were digested by trypsin and GOx samples were digested by
trypsin, chymotrypsin, and Glu-C at protease to substrate ratio of 1:50 (w/w) using 0.01
µg/µL protease solutions in their respective buffers. For tryptic digestion, sequence-

grade porcine trypsin (5,000 units/mg) (Promega) was diluted with 10 mM HCl and
digestion was carried out at 37°C for 18 hours. A 50 mM ammonium bicarbonate buffer
was used for Glu-C and samples were incubated overnight at room temperature for
digestion. Chymotrypsin was diluted in 100 mM ammonium bicarbonate and incubated
at 37ºC for over 18 hours. Following incubation, 1.5 µL of 0.1% (v/v) trifluoroacetic
acid (TFA) was added to stop the digestion. The resulting peptide solutions were then
lyophilized to completion for 1 hour.

Mass Spectrometry
Lyophilized peptide samples were resuspended in 50 µL of an injection solution
containing 50% methanol and 0.1% formic acid (FA), and then vortexed and centrifuged
at 13,000 RPM for 5 min to purify the samples. 2 µL of the supernatant was injected into
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a CapLC system using a capillary autosampler and peptides were separated by reversedphase high performance liquid chromatography (HPLC) using a NanoEase C18 column
(Waters Corporation, Milford, MA) over a 2-40% acetonitrile (ACN) gradient against
water over 60 min at 7 µL/min flow rate in the presence of 0.1% FA. Reversed-phase
separation was followed by mass scan acquisition of the peptide m/z value, retention
time, and intensity using the quadrupole time-of-flight (Q-ToF) micro tandem mass
spectrometer (Waters Corporation, Milford, MA).
Three spectra covering the retention time from 10 to 40 minutes were combined
together to generate the total ion current (TIC) chromatogram. The chromatograms were
filtered to remove noise and the peaks were smoothed, centered, and deconvoluted to
generate a singly charged peak list using the MaxEnt 3 algorithm (Waters Corporation,
Milford, MA). The peak lists were entered into the General Protein Mass Analysis for
Windows software (ver. 6.11, ChemSW, Inc., Denmark) for peptide mapping. The
software checked the peak lists against the theoretical peaks generated by fragmenting the
primary sequence at the known cleavage sites of the protease used for digestion and
considered the possible modification of tryptophan residues by DHNBS. Peptide peaks
from the unmodified samples that were identified as DHNBS modified were deemed
false positives and removed from modified peak lists.

Protein Adsorption Experiments
The cleaned, alkanethiol treated discs were placed into dishes filled with a
sufficient amount of phosphate buffer so that they were completely submerged. The
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appropriate amount of a protein stock solution (10 mg/mL) was then pipetted into the
dishes so that the final concentration was 1 mg/mL. After 24 hours of incubation at room
temperature, the dishes were infinitely diluted under running distilled water for 5 minutes
then the discs were rinsed thoroughly with nanopure water and transferred into a clean
dish. The discs were then treated with a 0.5 mM DHNBS solution and allowed to react
for 30 minutes in the dark. Again the dishes were infinitely diluted under running water
and the discs rinsed with nanopure water before being transferred into a clean dish and
incubated in a 1mM NaOH solution containing 0.005% (v/v) Triton® X-100 at 40°C for
30 minutes to desorb the protein. The detergent was collected and centrifuged at 3,500
rpm for 15 minutes to remove any particulates that may be present.

The DHNBS

concentration of the supernatant was calculated by measuring the absorbance peak at 410
nm and the protein concentration was determined using a BCA assay.

Statistical Analysis
The mean and 95% confidence interval (CI) were calculated for all sets
experimental data collected. Statistical differences were determined using a Student’s
unpaired t-test with values of p ≤ 0.05 considered to be statistically significant.
RESULTS AND DISCUSSION
Surface Characterization
The results for the characterization of the alkanethiol SAMs via contact angle,
ellipsometry, and XPS are reported in the Surface Characterization results section in
Chapter III (see page 43).
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Table 4.1. Results of tryptophan modification (as designated by amino acid primary
sequence location) and protein sequencing of 1.0 mg/mL protein solutions reacted at a
50× molar excess of DHNBS. (N=4, mean ± 95% CI)
HEWL

GOx

Labeled Tryptophans

62, 63, 111, 123

111, 122, 350, 402, 426, 503

Unlabeled Tryptophans

28, 108

131, 133, 232, 376

Average Number of
Modified Tryptophans per
Enzyme Molecule

2.1 ± 0.3

1.3 ± 0.3

Tryptophan Accessibility in Native Structures
Peptide fragments from the ESI-MS analyses were identified that covered all
tryptophans in the two enzyme sequences.

Table 1 lists the tryptophans that were

identified in a peptide fragment as being modified and those that were unlabeled in all
fragments containing that residue. Four out of HEWL’s six tryptophan residues were
identified as labeled with the two tryptophans in the hydrophobic core being unlabeled,
thus identified as solvent inaccessible (Figure 4.1), yet the number of modified
tryptophan per protein molecule, determined spectrophotometrically, was only 2.1 ± 0.3.
Therefore, all four tryptophans deemed solvent accessible are not being labeled in every
protein but the ratio was highly reproducible and useful for comparison with the values
determined from the adsorption studies. Likewise, six out of the ten tryptophans in GOx
were modified by DHNBS (Figure 4.1) and the ratio of modified tryptophans per
molecule was determined to be only 1.3 ± 0.3, but again reproducible in all samples.
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Figure 4.1. Protein data bank (PDB) images of HEWL (PDB #1GXV) and GOx (PDB
#1CF3). The green residues are the tryptophans that were modified by DHNBS after
reacting 1.0 mg/mL protein solutions at a 50× molar excess of the reagent. The grey
residues represent tryptophans that were not modified by the reagent.

Adsorbed Lysozyme Layers
The solvent accessibility of tryptophans in HEWL is plotted in Figure 4.2 along
with its bioactivity relative to its solution state. As clearly indicated, both the tryptophan
accessibility and enzyme bioactivity of the adsorbed enzyme layers decreased after
adsorption onto each of the alkanethiol SAMs.

Due to the location of HEWL’s

tryptophans with respect to its active site, the reduction in their accessibility supports our
previous conclusions (see Chapter III) that adsorbed orientation is the dominate factor in
the loss of activity post-adsorption. As shown in Figure 4.1, there are two solvent
accessible tryptophans in the active cleft of HEWL and the other two are located within
the same face, adjacent to the cleft. Thus it is reasonable to assume that the accessibility
of DHNBS to modify these tryptophans should be similar to the accessibility of the
substrate to the bioactive cleft of this enzyme, and the correlation between the tryptophan
accessibility and activity is clearly evident in Figure 4.2. The two SAM surfaces where
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HEWL exhibited the lowest bioactivities, the CH3- and COOH-SAMs, also had the
lowest amounts of accessible tryptophans. Both of these values (i.e., the number of
labeled tryptophans and enzyme activity) were much higher on the other two SAMs. The
disparity in these values between the charged surfaces was anticipated since the HEWL
carries a large net positive charge at physiological pH and the face that is attracted on one
surface should be repelled on the other.
The initial distribution of orientations on the neutral SAMs is expected to be
completely random since there should be no electrostatic interactions between the protein
and the surface to orient the protein as it approaches the surface. However, there were
1.5 ± 0.3 modified tryptophans per protein molecule adsorbed on the hydrophilic OHSAM and only 0.1 ± 0.04 on the hydrophobic CH3-SAM. This 10-fold difference is
indicating that there were substantial differences in the solvent accessibility of the
tryptophans in the adsorbed HEWL between these two surfaces, with those on the CH3SAM preferentially adsorbed against the surface. The relative large loss in bioactivity on
the CH3-SAM compared to the OH-SAM also indicates that the accessibility of the active
cleft is drastically reduced on the hydrophobic surface.

The two highly exposed

tryptophans within the active cleft play an important role in catalysis by holding ligands
in place, via hydrophobic interactions, during cleavage.

The low accessibility of

tryptophans on the CH3-SAM combined with low activity, suggests that the active site is
adsorbed against the surface, thus reducing the accessibility of solutes (e.g. activity
substrate and DHNBS) to this region of the adsorbed protein. The COOH-SAM, on the
contrary, has the same hydrophilicity as the OH-SAM (see Table 3.1) therefore the
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reductions in accessibility and activity are likely due to electrostatic interactions
orientating the enzyme so its active cleft is sterically blocked. Although these results do
not prove that conformational changes at the active site have not compromised its
functionality, it does provide evidence that substrate access to this site in the enzyme is at
best retarded.

Figure 4.2. Left Column (corresponding to the left-hand y-axis): The number of solvent
accessible tryptophans per adsorbed enzyme molecule after incubating the various SAMs
in a 1.0 mg/mL HEWL solution for 24 hours. Right Column (corresponding to the righthand y-axis): The activity rate of the adsorbed enzyme layers post-adsorption normalized
by the activity rate of HEWL in solution. (N=4, mean ± 95% CI)

Adsorbed Glucose Oxidase Layers
In distinct contrast to HEWL, after the adsorption of GOx to each of the
SAM surfaces there was a substantial increase in the tryptophan accessibility of the
adsorbed layers with respect to GOx in its native state. This is a clear indication that
there is an unfolding of the tertiary structure post-adsorption leading to the exposure of
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previously inaccessible tryptophans.

The most significant changes occurred on the

hydrophobic surfaces, the CH3- and NH2-SAMs, which was expected due to GOx’s size
and lack of disulfide bonds.

Figure 4.3. Left Column (corresponding to the left-hand y-axis): The number of solvent
accessible tryptophans per enzyme molecule after incubating the various SAMs in a 1.0
mg/mL GOx solution for 24 hours. Right Column (corresponding to the right-hand yaxis): The average change in percent α-helix and β-sheet after adsorption with respect to
the measured solution structure. (N=4, mean ± 95% CI)

There is an apparent correlation between the solvent accessibility of tryptophan
and the total change in α-helix and β-sheet (Figure 4.3).

The number of solvent

accessible tryptophans more than doubled after the adsorption of GOx on all four SAMs,
signifying that previously buried residues are being exposed on all surfaces. The two
hydrophobic surfaces, the CH3- and NH2-SAMs, induced the highest amount of
secondary conformational changes and also exposed the most tryptophan upon
adsorption. Conversely, adsorption-induced changes to conformation and tryptophan
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accessibility were significantly lower on the OH- and COOH-SAMs. The agreement of
these two parameters shows the effectiveness of using tryptophan modification as a
measure of the degree of change in tertiary structure post-adsorption.

Figure 4.4. Left Column (corresponding to the left-hand y-axis): The number of solvent
accessible tryptophans per enzyme molecule after incubating the various SAMs in a 1.0
mg/mL GOx solution for 24 hours. Right Column (corresponding to the right-hand yaxis): The activity rate of the adsorbed protein layers post-adsorption normalized by the
activity rate of GOx in solution. (N=4, mean ± 95% CI)

Unlike HEWL, the solvent accessibility of tryptophan residues did not track the
changes in bioactivity along all four SAMs (Figure 4.3). For the neutral SAMs, the
number of modified residues and change in secondary structure are significantly higher
on the CH3-SAM yet the adsorbed GOx layer is the most active on this surface. This
suggests that the changes in structure are leading to the increased accessibility of the
active pocket, whereas on the OH-SAM access to the pocket is somehow more restricted.
However, there is no significant different in the tryptophan accessibility of the GOx
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layers on the CH3- and NH2-SAMs yet the activity on the NH2-SAM is nearly a third of
what is was on the CH3-SAM. Likewise, there is no statistical difference between the
numbers of modified tryptophans on the OH- and COOH-SAMs but the activity is three
times higher on the COOH-SAM. This trend reversal for these oppositely charged SAMs
suggests orientational effects induced by these oppositely charged SAM surfaces,
indicating that both orientation and conformation are both major contributing factors in
influencing the adsorbed-state bioactivity of GOx.

CONCLUSIONS
The methods that were set out in this study were developed for the purpose of
complementing previously established protocols for assessing the secondary and tertiary
structures and the bioactivity of adsorbed enzyme layers. While CD spectroscopy and
bioactivity assays provide a wealth of information about the secondary structure and
functionality of these layers, they provide almost no information about the tertiary
structure and the delineation between changes in bioactivity due to conformation or
orientation effects is highly speculative.

Side-chain specific chemical modification

proved to be useful in clarifying or reinforcing hypotheses that were formulate from CD
and bioactivity data while providing additional insights related to the effect of adsorption
on the tertiary structure of the enzymes and its effect on the adsorbed-state bioactivity.
CD confirmed that HEWL is resistant to conformational changes, which leads one
to believe adsorbed orientation is the driving force behind differences in bioactivity postadsorption. The results of the tryptophan modification experiments confirmed that the
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accessibility of the active face decreased as bioactivity decreased, which in turn identifies
adsorbed orientation as a major contributing factor to the bioactivity of adsorbed HEWL
layers on these SAMs. Additionally, hydrophobic surfaces are known to be the most
disruption to protein structure yet the tryptophan accessibility on the CH3-SAM surface
was very low indicating both that the core tryptophans were not being exposed due to
unfolding on the surface and that the normally solvent accessible tryptophans on the outer
surface of the enzyme were being adsorbed down on the surface. The labeling of
adsorbed GOx showed that the tryptophan modification also worked for assessing
changes in tertiary structures, as intended. The changes in secondary structure of the
GOx layers on the different SAMs tracked in very good agreement with the increase in
solvent accessible tryptophans of the enzyme layers.
The benefit of side-chain specific chemical modification is the versatility of this
technique. There is an array of residues with established protocols that can be modified
individually or in conjunction with one another to gain more information about the
structure and orientation of adsorbed proteins. Since these modifications are amino acid
specific, they are protein independent and can be applied to any protein containing the
residue of interest. Thus, this technique can be readily used along with CD spectroscopy
for the analysis of not only enzymes, but proteins in general. The developed techniques
thus present a valuable set of methods that can be used to investigate proteins in their
adsorbed state for many other technologies where protein-surface interactions are of
critical importance.
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Appendix A
Protocol for SAM Formation and Characterization

Cleaning Bare Quartz Slides
1. The quartz slides are removed from their plastic packaging and placed in a Pyrex
container filled with the following solution known as “piranha” wash: 70% (v/v)
sulfuric acid and 30% hydrogen peroxide solution (30% (w/w) concentrated
hydrogen peroxide in water). Slides were incubated in an oven at 50°C for 30
minutes. NOTE: THIS REACTION IS EXTREMELY EXOTHERMIC AND
THE SOLUTION CAN REACH TEMPERATURES UP TO 100°C AND IS
HIGHLY CAUSTIC.
2. Container with “piranha” is placed under running distilled water for at least 2
minutes, after which the slides are removed and rinsed thoroughly with distilled
water.

The slides are then incubated them in an RCA basic wash (1:1:5

volumetric ratios of 30% (w/w) hydrogen peroxide solution, ammonium
hydroxide, and distilled water respectively) in an oven at 50°C for 30 minutes.
3. Container is again diluted under running distilled water for at least 2 minutes
before removing slides and rinsing them thoroughly with distilled water. The
slides are then incubated in the RCA acid wash (1:1:7 volumetric ratios of 30%
(w/w) hydrogen peroxide solution, HCl, and distilled water respectively) for 30
minutes at 50°C.
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4. Container is diluted with running distilled water for 2 minutes and slides removed
and thoroughly rinsed with distilled water and the process repeated starting from
step #1 twice.
5. After going through the wash process 3 times slides are rinsed with nanopure
water then 100% ethanol (Pharmco-Aaper; obtained from Mr. Michael Moore in
Jordan Hall) and dried under flowing nitrogen. It should be noted that the use of
100% ethanol is important as impurities in commercial sources of ethanol have
been associated with the presence of contaminants on the surface following
cleaning. Slides that are going to be gold coated a covered in a clean, dry Petri
dish and taken to Dr. James Harriss at the Microstructures Laboratory, located in
the basement of Riggs Hall, for thermal vapor deposit of Au (100 Å for substrates
that must remain optically transparent and 1,000 Å for all other substrates) with a
30 Å Cr adhesion layer.

Cleaning Gold-Coated Quartz Slides
1. The cleaning procedure for the gold-coated slides is similar to that of the bare
quartz slides but less aggressive to prevent pitting and etching of gold coating.
Caution must be taken with slides coated with 100 Å of gold, as well as SPR
sensor chips, due to the thin layers of gold. Slides are incubated or dipped in a
solution consisting of 80% (v/v) sulfuric acid and 20% of the 30% (w/w)
hydrogen peroxide solution for one minute at room temperature. The slides are
then thoroughly rinsed with distilled water.
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2. Slides are then dipped or incubated in the RCA basic wash (1:1:5 volumetric
ratios of 30% (w/w) hydrogen peroxide solution, ammonium hydroxide, and
distilled water, respectively) at room temperature for a minute and rinsed
thoroughly with distilled water followed by nanopure water.
3. Slides are rinsed with 100% ethanol and stored in a Petri dish filled with ethanol
until needed or directly placed into alkanethiol solutions for surface modification.

Alkanethiol Self-Assembled Monolayer (SAM) Formation
1. Fresh solutions are prepared of the following alkanethiols at 1 mM concentration
in 100% ethanol: 1-dodecanethiol (Sigma #471364), 11-mercapto-1-undecanol
(Sigma #447528), 1-mercaptoundecanylamine (Prochimia #FT 02A.11-1), and
12-mercaptododecanoic acid (Prochimia #FT 01.11-1).
2. For 1 mM solution in 50 mL of ethanol: 12 µL of 1-dodecanethiol, 10.22 mg of

11-mercapto-1-undecanol, 10.16 mg of 1-mercaptoundecanylamine, and 11.61
mg of 12-mercaptododecanoic acid. NOTE: 3% (v/v) triethylamine should be
added to the ethanol PRIOR to the addition of 1-mecaptoundecanylamine to
prevent the thiol from adsorbing inverted and to reduce double layer formation.
3. The slides are left in the alkanethiol solution overnight (minimum of 16 hours)
and in the dark to reduce oxidation of thiol groups.
4. Slides are removed from their alkanethiol solutions and rinsed with ethanol then
sonicated for 15 seconds in ethanol to displace any multilayers that may have
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adsorbed.

Amine-terminated SAMs are particularly susceptible to multilayer

formation and sonicated in the RCA basic wash to remove double layers.
5. After sonication, slides are rinsed with ethanol and stored in ethanol until needed.
6. For regeneration of alkanethiol monolayers, gold slides are exposed to UV
radiation (365 nm, 15 Watt Bulbs) in the Chromato-Vue® C-70G UV station
overnight.

Afterwards they are rinsed thoroughly with ethanol and cleaned

according to the protocol for gold-coated quartz slides then undergo the surface
modification protocol starting at step #1. If proteins have been adsorbed to the
slides prior to regeneration, they should be cleaned by soaking in warm detergent
(10% (v/v) RBS-35 solution or 0.005% (v/v) Triton X-100 at 40°C) for 30
minutes then rinsing with distilled water followed by ethanol and dried under
flowing nitrogen before placing in UV cabinet. NOTE: To prevent any cross
contamination of alkanethiol with different functional groups, regenerated slides
should only be recoated in alkanethiols with the same functional group as the
original treatment.

Buffer Solutions
1. Stock solutions of monobasic and dibasic potassium phosphate of the same
molarity (e.g. 10 mM) are mixed together to yield a buffer that have a pH of 7.4.
Equal amounts of the two buffers results in a solution that is close to 7.4 and
generally needs minimal adjustment.
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2. Phosphate buffered saline (PBS) comes in premeasured foil pack and simply need
to be dissolve in the appropriate amount of nanopure water. The pH of the
solution should be check as there can be some variations from 7.4, adjustments
can be made using 0.1M HCl or NaOH solutions.

Cleaning Alkanethiol SAMs
1. Slides are removed from ethanol and rinsed thoroughly with distilled water
2. All alkanethiol SAMs are to be cleaned with a 0.005% (v/v) Triton X-100
solution at 40°C for 30 minutes.
3. Slides are then rinsed thoroughly with distilled water then sonicated in ethanol
followed by acetone for 5 minutes each. NOTE: This rinse process does not
remove strongly adhered detergent molecules.
4. Methyl terminated SAMs undergo an additional ethanol, hexane, ethanol
sonication procedure for 5 minutes each to remove strongly adhered detergent
molecules.
5. After the rinses in steps #3 and #4 the slides are rinsed with distilled water,
nanopure water, and then the particular buffer to be used for subsequent studies
(generally phosphate buffered saline or potassium phosphate solutions).
6. Slides stored in fresh buffer until use.

Contact Angle Measurements
1. Slides are removed from buffer then dried with flowing nitrogen gas
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2. Slides are then placed on CAM 200 stage and a 5 µL drop of buffer is pipetted
onto the surface. Multiple drops can be pipetted on the surface to speed up
analysis (N=5 generally used for contact angle analysis).
3. Once the camera is focused on a drop, a snapshot should be captured using the
CAM software and the stage moved to the next drop and the process repeated
until images of all drops are captured.
4. Slides are then rinsed with buffered and stored in a container with fresh buffer. If
slides are going to be stored for an extended amount of time they should be rinsed
and stored in ethanol.

Ellipsometry
1. Place a slide on the ellipsometer stage so that the spot is in the vicinity of the
desired location for analysis. If using the liquid cell the sample should be placed
in the cell filled with nanopure water or buffer.
2. Open GESPACQ software, and click “Show”.
3. Set the following parameters: wavelength = 0.45 µm, analyzer angle = 0˚, and
incidence angle = 90˚.
4. Then click “Run”.
5. Lower the stage until the sample is out of the light beam.
6. Adjust the slit of the ellipsometer (gold knob located under the tabletop) until the
counts are approximately 20,000,000.
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7. Raise the stage until the counts are half the amount that they were previous (i.e.
20 million cts to 10 million cts).
8. Change the incidence angle to the desired angle. Generally 70˚ is used for
analysis of SAMs and protein layers. Higher angles can be used to reduce noise
and large variations in measured thickness of rougher surfaces. NOTE: The
liquid cell can only be used at an incidence angle of 70°.
9. The sample should be moved if necessary so that the spot is hitting the desired
location for analysis. If the slide has to be moved then back up to step #7.
10. Sample is then leveled by adjusting the two of the three screws underneath the
stage. The screw on the left front side of the stage should not be touched. Adjust
the back screw until the counts are maximized and then the right screw until the
counts are maximized then repeat until maximum is reached.
11. Adjust the two screws again if necessary so that the symmetry is as close to zero
as possible (≤ 0.2).
12. Stop and exit the “Show” mode.
13. Click on the “Settings” button and ensure that the incidence angle for analysis is
set at the desired scan angle. Click the “ok” button to confirm settings and close
the window.
14. Click on the “Measurement” button, then “RUN”.
15. Once the data is collected, save the DAT and MSE files.
16. Close GESPACQ program and open Winelli.
17. Open the DAT file.
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18. Under the ANALYSIS tab, choose “REGRESSION”.
19. For the measure of alkanethiol SAMs use the following parameters:
a. Set Layer 1 layer type to “Dispersion Law”. Double click Layer 1, set
Dispersion Law Type to Standard Dielectric Function, Selected Term =
UV Term, Selected Law = Cauchy (nk), and A = 1.5.
b. Layer 2 is the gold layer. Browse and find the appropriate “nk” file
(Au.nk). Layer type = materials. Thickness = 0.01 µm.
c. Layer 3 is the chromium layer. Browse and find the appropriate “nk” file
(Cr.nk). Layer type = materials. Thickness = 0.003 µm.
d. Substrate layer is quartz.

Browse and find the appropriate “nk” file

(SiO2.nk). Layer type = materials.
e. The ambient should be set as layer type material with the void.nk file if
the measurement was taken in air. For samples analyzed in aqueous
solutions the correct nk file for the solution should be used. Normally,
either nanopure water or PBS is used for aqueous measurements.
20. Click “RUN”, and click “RUN” again to determine the thickness.
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Appendix B
Determination of the Surface pK of Carboxylic- and Amine-Terminated Alkanethiols
Using Surface Plasmon Resonance Spectroscopy

EXPERIMENTAL METHODS
Alkanethiol SAMs.
Bare gold sensor chips for SPR were purchased from Biacore AB (BR-1004-05).
Prior to SAM formation, all chips were sonicated at 25°C for 1 min in each of the
following solutions in order: “piranha” wash (8:2 H3SO4:H2O2), a basic solution (1:1:3
NH4OH:H2O2:H2O), and an acidic solution (1:1:3 HCl:H2O2:H2O). After each cleaning
solution, the slides were thoroughly rinsed with nanopure water. The cleaned slides were
rinsed with ethanol and incubated into the appropriate 1 mM alkanethiol solution
(alkanethiols purchased from Aldrich or Prochimia) in 100% ethanol for a minimum of
16 hours. All alkanethiols used in these experiments had a structure of HS-(CH2)11-R
with the following terminal R groups: OH, NH2, or COOH. After incubation, the slides
were rinsed with ethanol, dried with nitrogen gas, and characterized by ellipsometry and
contact angle goniometry (for methods see Materials and Methods section of Chapter II)
before mounting onto the SPR sensor-chip holders.

Surface Dissociation Constant.
A Biacore® X SPR spectrometer was used to measure the local change in
refractive index caused by the change in the cation and anion concentration distributions

89

of CsCl and NaBr salts above COOH and NH2-SAMs respectively, as a function of pH.
Titrations (pH 4.0 - 10.0) of 150 mM CsCl and 150 mM NaBr solutions, with 1 mM
NaH2PO4 added as buffer, were made by adjusting the pH with small amounts of NaOH
and HCl.

Preliminary studies confirmed that the contribution to the SPR signal,

measured in response units (RUs), from the addition of the 1mM NaH2PO4 to the salt
solutions over this pH range resulted in a negligible shift compared to response of the 150
mM CsCl and NaBr salts alone (< 20 RUs). Using nanopure H2O as the running buffer,
the response unit shift (RU, 1 RU = 10-6 refractive index units ≈ 1 pg/mm2) from flowing
the various pH solutions over the SAMs was recorded. The bulk shift response for these
solutions was determined by conducting similar titrations over an OH-SAM to correct for
small shifts in refractive indices (typically < 20 RU).

This uncharged, hydrophilic

surface was selected for this purpose based on previous studies in our laboratory that
demonstrated that the SPR response to salt solutions flowing over an OH-SAM is entirely
due to bulk-shift effects within the detection limits of our instrument [125]. Based on
these measurements, the excess mass per unit area over the COOH and NH2-SAM
surfaces was determined by subtracting the bulk-shift response from the RU shift of each
titration. This was then plotted vs. bulk solution pH, from which the pKd of the surface
was defined as the middle inflection point of the sigmoidally shaped SPR response curve.
Measurements were conducted on four separate SPR sensor chips for each surface type,
with a set of six independent titrations conducted on each chip for the determination of its
pKd value. The four independent measurements of pKd for each type of surface were
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then statistically combined to calculate the mean and 95% confidence interval (CI) about
the mean for each type of SAM surface.

RESULTS AND DISCUSSION
The SPR data in the form of the RU shift vs. pH for one of the COOH-SAM
sensor chips is plotted in Figure B.1. This shows a clear sigmoidally shaped SPR
response for this SAM surface. The pKd point was determined by fitting the following
equation to the SPR data and minimizing the sum of the squared errors:
 10 B ( pK d − pH ) 
RU = A
+C
B ( pK d − pH ) 
1 + 10


where A and B are scaling factors and C is the offset. The mean pKd value for the
COOH-SAM sensor chips was calculated as 7.4 ± 0.2 (95% CI). When the solution pH is
well below the pKd of the surface, a low fraction of the COOH groups are in their
deprotonated, negatively charged state, resulting in little excess mass over the surface.
As the solution pH is increased, the fraction of charged groups on the surface rapidly
increases, resulting in an increase in excess mass at the surface due to the charged groups
preferentially attracting the heavier cations towards the surface while repelling the lighter
anions away from the surface.

As the pH continues to increase, the fraction of

deprotonated COOH groups begins to approach unity, which subsequently leads to the
minimal change in the fractional charge state with the further increase of solution pH and
the excess mass concentration over the surface stabilizes, as reflected in the SPR signal.
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Figure B.1. SPR plot of the corrected RU shift of the salt solutions vs. pH for a COOHand a NH2-SAM (1 RU = 1 pg/mm2). Points represent mean ± 95% CI, N=6.

The SPR data for an NH2-SAM sensor chip is also shown in Figure B.1. The
mean pKd value for the NH2-SAMs was 6.5 ± 0.3 (95% CI). When exposed to basic
solutions, there is a low fraction of NH2 groups that are protonated and positively
charged, resulting in minimal build up of excess ions at the surface. As the bulk pH
above the surface shifts towards neutral, the response begins to increase indicating that a
larger number of NH2 group are becoming charged. As the pH drops below 5, there is
little change in the response since the fraction of positively charged groups approaches
1.0.
The experimental results show that the pKd value for the COOH-SAMs is more
basic than the NH2-SAMs, which at first glance seems to be an odd result given that
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acetic acid (CH3COOH) and methylamine (CH3NH2) in dilute solutions have pKd values
around 4.7 and 10.5, respectively [104]. It is important to note, however, that the
measured pKd values for the COOH- and NH2-SAMs are the “effective” pKd values since
they are based on the pH of the bulk solutions and not the pH at the surface. Fears et al.,
reports an analytical model that theoretically predicts the shape of the SPR plots by
calculating the excess mass of salt ions over a surface as a function of the difference
between the solution pH and surface pKd [103].
The analytical relationships show that the state of surface charge also influences
the local hydrogen ion concentration, thus resulting in a substantial local shift in pH at the
surface compared to the bulk solution as a function of the difference between the bulk
solution pH and the pKd of the surface. For the case of the COOH-SAM, the negative
charge on the surface preferentially concentrates hydrogen ions near the surface, resulting
in a substantial decrease of the local pH value. For the NH2-SAM, the positively charged
surface repels the hydrogen ions, thus resulting in an increase in pH at the surface.
Therefore, when a COOH-SAM is exposed to a bulk solution pH of 7.4, which is at the
experimentally determined pKd, the calculated pH at the surface is 5.0 (a difference of 2.4
pH units) due to the concentrating effect that the surface charge has on the hydrogen ions
in solution. This corrected value more appropriately represents the local pH that is
influencing the protonation state of the COOH groups on the surface. Likewise, for the
NH2-SAM, while the measure pKd value based on the bulk solution pH is 6.5, the
calculated pH at the surface is actually 8.9 (a difference of 2.4 pH units), with this pH
again being the factor that actually determines the protonation state of the NH2 groups on
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the surface. Thus, when based on the bulk solution conditions, pKd value of the COOHSAM surface occurs, somewhat surprisingly, under more basic conditions than the pKd
value of the NH2-SAM surface.

However, when based on conditions at the SAM

surfaces, the pKd value for the COOH-SAM surface occurs under more acidic conditions
than the pKd value for the NH2-SAM surface, as intuitively expected.
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Appendix C
Protocols for Circular Dichroism Spectroscopy

Circular Dichroism Measurements
1. The nitrogen gas flow is set 9-10 liters/min and the instrument is switched on.
2. Open Spectra Manager on the computer and open the instrument menu and click
on start. A window should open up with a timer to let the nitrogen flow, at a
minimum of 9 L/min, for 5 minutes before turning on the lamp. Diagnostics run
after the time is expired, errors often occur under HT or Amp checks and the
ignore box should be clicked if they occur. The response of the calibration
solution can be checked to determine if there are any true errors.
3. The instrument can be calibrated using the standard CD calibration solution (60
mg camphor-sulfonate in 100 mL nanopure water) in a 1 cm cuvette. The CD
value at 350 nm should be 0 mdeg; if it is off, adjust the CD offset screw, located
on the backside of the top cover plate. Then check to see if the solution has a CD
value of 190.4 mdeg at a wavelength of 291 nm. The CD scaling potentiometer
can be adjusted to fine tune the CD value at this wavelength if needed.
4. Open spectrum measurements and check that the parameters are set right
5. The parameters for normal scan are as follows (protein in solution):
a. Sensitivity = Standard (100 mdeg)
b. Starting wavelength = 300 nm
c. End wavelength = 190 nm
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d. Data Pitch = 0.1 nm
e. Scan mode = Continuous
f. Scan speed = 50 nm/min
g. Response = 0.25 sec
h. Bandwidth = 1.0 nm
i. Accumulations = 6
6. The parameters for high resolution scan are as follows (adsorption studies):
a. Sensitivity = Standard (100 mdeg)
b. Starting wavelength = 300 nm
c. End wavelength = 190 nm
d. Data Pitch = 0.1 nm
e. Scan mode = Continuous
f. Scan speed = 5 nm/min
g. Response = 16 sec
h. Bandwidth = 1.0 nm
i. Accumulations = 3
7. Background spectra are to be collected of pure buffer in the cuvette or buffer plus
cleaned alkanethiol modified gold-coated quartz slides. The slide holder designed
for adsorbed studies can 4 slides with a liquid pathlength of 0.4 mm (see
Appendix D).
8. When measuring free floating protein solutions, the protein concentration was
approximately 1 mg/mL for the 1mm pathlength cuvette. The CD response is a
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function of both the concentration and pathlength. The signal is based on the total
number of molecules in the light beam. Therefore if the 10 mm cuvette is used, a
0.1 mg/mL protein solution should yield an identical spectrum. If the protein
concentration is too high at a given pathlength the absorbance will spike and get
noisy around 200 nm and lower and the solution should be diluted and rerun. If
the characteristic minima do not appear in the 210-230 nm range, this is likely a
sign that there is an insufficient amount of protein and a higher concentration or
longer pathlength should be used.
9. For adsorption studies, the SAM surfaces placed in a Petri dish filled with buffer
and the appropriate amount of stock protein solution is added to yield the desired
adsorption concentration. It is very important to place the SAM in plain buffer
solution before adding the correct amount of protein solution to obtain the desired
protein solution concentration in order to avoid dragging the SAM surface
through the liquid-air interface and its associated thick layer of denatured protein.
10. After that, protein molecules are allowed to adsorb for the allotted amount of time
and the dish is then placed under flowing distilled water for 5 minutes to infinitely
dilute the protein and remove loosely bound protein from the SAM surfaces. As
noted in the prior step, this dilution step gets rid of the layer of denatured protein
at the liquid-air interface, thus enabling the SAM surface to be removed from the
aqueous solution without contaminating it by dragging it through this layer. The
slides are then transferred into a clean dish filled with buffer solution before being
transferred into the cell holder that is also filled with buffer. Sides of the cell
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holder are then wiped down if necessary and the holder loaded into the
spectropolarimeter and scanned.
11. The CD spectra are analyzed using the Spectrum Analysis tool in the CD-Pro
software.
a. Open the spectrum (.jws file)
b. The curve can also be smoothed by using data cut function (Processing
menu → Correction menu → Data Cut) and adjusting the data pitch from
0.1 nm to 0.5 nm or 1.0 nm. Further smoother can be performed using the
Savitzky-Golay algorithm under curve smoothing (Processing menu →
Correction menu → Smoothing).
c. The data dump command is then used to copy the raw data that can be
transferred into an excel spreadsheet. The data pitch should be set to 1
nm.
d. The ellipticity value (Θ, in mdeg) are converted to molar ellipticity using
the following equation:
i. [Θ] = (Θ × M0) / (10,000 × Csoln × L)
ii. [Θ] = (Θ × M0) / (10,000 × Cads)
where [Θ] is the molar ellipticity (deg·cm2/dmol), Θ is the raw ellipticity
values obtained from the instrument (mdeg), M0 is the mean residue
molecular weight (118 g/mol), Csoln is the protein solution concentration
(g/mL), Cads is the protein surface concentration (g/cm2), and L is the
optical path length (cm).
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e. The protein concentrations in solution (Csoln) and on the SAM surfaces
(Cads) are determined using the peptide absorbance peak at 195 nm (A195).
For these determinations, a calibration curve is first constructed for each
protein by plotting (A195 – A300) vs. protein concentration multiplied by
the path length (Csoln × L) using serial dilutions of stock solutions of each
protein with known concentration, with the concentration of the stock
solution being verified by a bicinchoninic acid (BCA) assay (Pierce).
i. A195 = εsoln × Csoln × L
f. The slope of each calibration curve, which is referred to as the extinction
coefficient (εsoln; with units of mL/(g·cm)·or cm2/g), is then used to
calculate the solution concentration (Csoln, in g/mL) and the surface
concentration (Cads, in g/cm2) of the proteins.
C so ln =
i.

A 195
ε soln L

and

C ads =

A195
ε soln

g. The ellipticity values and wavelength values are copied to a text file (i.e.
sample.txt) in the CDPro folder.
h. The program crdata.exe in the CDPro folder and the following parameters
are entered:
i. Type ‘0’ for a new input file and hit enter.
ii. Enter a name for the data and hit enter.
iii. If the data is at wavelength intervals of 1.0 nm then the number 1
should be hit.
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iv. Input the initial (i.e., 300) and final wavelengths (i.e., 190) in
nanometers.
v. The CD data has been converted to molar ellipticity so the number
1 should be hit.
vi. Enter the name of the file which has the CD data (i.e. sample.txt).
vii. Choose the protein reference set to use for deconvolution,
generally 1 or 2 is selected.
viii. Go back to the CDPro folder and open the CONTINLL and/or
SELCON executable files to get the values of the various
secondary structure components.
ix. There outputs of these two programs are stored in the file
protss.out and can be accessed at a later time if needed. However
there is no date or time stamp saved in this file only the name
entered in step ii.
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Appendix D
Protocol for Bioactivity Assays

Control Experiments
1. Absorbance readings were taken using the Jasco spectropolarimeter (Following
start up procedures in Appendix C)
2. Trypsin (TRP)
a. Substrate - 1 mM N-α-benzoyl-DL-arginine-4-nitroanilide (BANA)
hydrochloride solution - dissolve 0.022 g of BANA in 4 mL of dimethyl
sulfoxide then add nanopure H2O until the volume is 50 mL and vortex.
b. Add 396 µL of desired buffer (e.g. 10 mM phosphate buffer) into the
PEEK slide holder (Figure 2.2) and 4 µL of a 1.0 mg/mL protein solution.
Place bare quartz slides into the slide holder to serve as spacers. Scan the
protein solution 290 to 190 nm and record the absorbance peak at 195 nm
using the spectrum measurement program (open spectra manager then
spectrum measurement in the right side menu).
c. Clean slide holder and the slides with a detergent (0.005% (v/v) Triton®
X-100 solution or Starna Cells cuvette cleaner) and rinse thoroughly with
nanopure. Add 4 µL of a 1.0 mg/mL protein solution to 396 µL of the
substrate solution in the holder and replace bare quartz slides. Using the
Time Course Measurement program, continuously monitor the absorbance
at 405 nm for 2 minutes. (NOTE: Time Course Measurement should be
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opened and parameters set prior to adding the protein solution so that the
measurement can be started immediately after adding protein solution to
the substrate)
d. Calculate the activity rate by dividing the change in absorbance by the
time in seconds then dividing the resulting value by the protein absorbance
peak at 195. (NOTE: If the curve is not linear over the entire 2 minutes
use the initial linear portion of the curve for calculation or use a more
dilute protein concentration)
i. Activity rate = ∆A405 / time (sec) / A195
3. Lysozyme (HEWL) and Xylanase (XYL)
a. HEWL Substrate - 3 mg/L peptidoglycan from staphylococcus aureus
dyed with Remazol Brilliant Blue R (RBB-R) in desired buffer (e.g. 10
mM phosphate buffer).
b. XYL Substrate - 0.1 mg/mL 4-O-methyl-D-glucuron-D-xylan dyed with
RBB-R in desired buffer (e.g. 10 mM phosphate buffer).
c. Add 396 µL of desired buffer (e.g. 10 mM phosphate buffer) into the
PEEK slide holder (Figure 2.2) and 4 µL of a 1.0 mg/mL protein solution.
Place bare quartz slides into the slide holder to serve as spacers. Scan the
protein solution 290 to 190 nm and record the absorbance peak at 195 nm
using the spectrum measurement program (open spectra manager then
spectrum measurement in the right side menu).
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d. Clean slide holder and the slides with a detergent (0.005% (v/v) Triton®
X-100 solution or Starna Cells cuvette cleaner) and rinse thoroughly with
nanopure. Add 4 µL of a 1.0 mg/mL protein solution to 396 µL of the
substrate solution in the holder and replace bare quartz slides. After 2
minutes, pipette 200 µL of the solution from the cuvette and add it to 600
µL of ethanol to terminate the reaction and precipitate the undigested
fragments.
e. Vortex the mixture and allow it to sit for 10 minutes to equilibrate.
Centrifuge the mixture at 1,500 g for 10 minutes and collect the
supernatant. Record the absorbance peak at 595 nm for the HEWL
substrate and 590 nm for the XYL substrate. Absorbance measurements
can be taken using the Jasco spectropolarimeter or the plate reader in the
Cell Lab located at 416 Rhodes.
f. Calculated the activity rate by dividing the substrate absorbance peak by
the time in seconds and dividing the resulting value by the protein
absorbance peak at 195.
i. Activity rate = A595 or 590 / time (sec) / A195
4. Glucose Oxidase (GOx)
a. Substrate - 2.4 mL of a 0.66 mg/mL o-dianisidine solution (solution A),
0.5 mL of a 10% (w/v) β-D-glucose solution freshly prepared one hour
prior to use (solution B), and 0.1 mL of 5 mg/mL horseradish peroxidase
(HRP) (solution C). (NOTE: o-dianisidine dissolves in acidic solutions.

103

Dissolve in buffer pH ≤ 4.0 then adjust pH to desired value with NaOH
before filling volume to the appropriate amount.)
b. Measure the protein absorbance peak by diluting 4 µL of a 1.0 mg/mL
solution into 396 µL of buffer in the PEEK holder then adding quartz
spacers. Scan the solution from 290 to 190 nm and record the peak at 195
nm.
c. Clean the slides and the holder thoroughly with detergent and rinse with
nanopure water. Fill the holder with 396 µL of the substrate mixture and
add 4 µL of the 1.0 mg/mL protein solution then replaced the spacers.
Continuously monitor the absorbance at 540 nm using the time course
measurement program. (NOTE: Time Course Measurement should be
opened and parameters set prior to adding the protein solution so that the
measurement can be started immediately after adding protein solution to
the substrate)
d. Calculated the activity rate by dividing the change in absorbance at 540
nm by the time in seconds then dividing the resulting value by the protein
absorbance peak at 195 nm. (NOTE: If the curve is not linear over the
entire 2 minutes use the initial linear portion of the curve for calculation or
use a more dilute protein concentration)
i. Activity rate = ∆A540 / time (sec) / A195
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Adsorbed Protein Experiments
1. Adsorbed protein bioactivity studies were conducted using the same gold-coated
quartz slides that were used for the CD studies. Slides were cleaned, coated, and
underwent surface treatment according to the protocol stated in Appendix A.
2. Place clean slides into the desired adsorption buffer (e.g. PBS or phosphate
buffer) and then add the appropriate amount of a protein stock solution to reach
the desire adsorption concentration.
3. After the set adsorption time has elapsed, infinitely dilute the dishes containing
the slides with nanopure water then transfer the slides into a clean dish filled with
the same buffered used to prepare the corresponding substrate solution.
4. Place protein coated slides into the PEEK holder filled with 400 µL of the
substrate solution. Proceed to the step that corresponds with the protein that is
adsorbed.
a. TRP – Immediately load the slide holder into the sample chamber of the
Jasco spectropolarimeter and monitor the absorbance continuously at 405
nm using the time course measurement program.
b. HEWL and XYL – Incubated slides in their respective substrate solution
for 2 minutes and then pipette 200 µL of the substrate out of the holder
and add to 600 µL of ethanol. Vortex the mixtures then allow them to
equilibrate for 10 minutes. Centrifuge the mixtures at 1,500 g for 10
minutes and collect the supernatant. Record the absorbance peak at 595
nm for the HEWL substrate and 590 nm for the XYL substrate. The same
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instrument and apparatus (e.g. well plate or cuvette type) that was used to
measure the absorbance for the control experiments should be used for the
adsorbed protein experiments.
c. GOx – To avoid any possible complications from protein displacement
slides are first incubated in a mixture of substrate solutions A and B for 2
minutes. Pipette 290 µL of the substrate mixture from the holder and
dispense it into a 500 µL centrifuge tube. Add 10 µL of solution C to the
tube then vortex and allow it to equilibrate for 2 minutes. Pipetted the
substrate solution into the PEEK holder with bare quartz spaces and
measure the absorbance peak at 540 nm.
5. All activity rates are calculated in the same manner as previously mentioned in
the control experiments section. Normalize the activity rates of the adsorbed
proteins are by the activity rate of its control to estimate the percentage of
adsorbed protein that is active.
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Appendix E
Protocol for Tryptophan Modification

Control Experiments
1. Prepare a fresh 5 mL protein solution (2.0 mg/mL) in desired buffer (e.g. 10 mM
phosphate buffer, PBS, or nanopure water).
2. Prepare a fresh 5 mL solution of dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium
bromide (DHNBS) in buffer that is in 100× molar excess of protein solution (e.g.
1 nM protein solution = 100 nM DHNBS solution). DHNBS solution should be
mixed in either an opaque container or tube should be covered with foil to reduce
exposure to light. Solution can be sonicated briefly if all the powder does not
dissolve.
1. Mix protein solution and DHNBS solution and vortex for 2 minutes and allow the
mixture to react for 30 minutes in the dark. NOTE: This mixture results in a 50×
molar excess of DHNBS to protein. No significant difference was seen in the
number of modified tryptophans in control experiments over a range of molar
excess from 50 to 200×.
3. Dialyze the modified protein solution against the desired buffer, normally
nanopure water. For best results, dialyze the solutions using a slow flowing
delivery system (e.g. distilled water facet or nanopure water dispenser) so that a
minimum of 1,000 times the volume of the protein solution is dispensed
overnight.
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4. If the modified protein is going to be sequenced, set aside a sample to submit to
the Clemson University Genome Institute (3rd Floor BRC) for analysis. (NOTE: 1
mL of a 1.0 mg/mL solution provides more than enough material for several
sequencing runs)
5. Calculate the moles of modified tryptophans spectrophotometrically by adding
equal aliquots of the dialyzed protein solution and a 1 mM NaOH solution.
Measure the absorbance peak at 410 nm using the Jasco spectropolarimeter.
NOTE: For the most accurate calculation of the moles of DHNBS present, the
extinction coefficient can be calculated for the UV/VIS device used by measuring
the absorbance peaks of serial dilutions of DHNBS solutions in a 1 mM NaOH
solution.
6. The concentration of protein can be calculated prior to tryptophan modification by
either UV/VIS spectroscopy or bicinchoninic acid (BCA) assay. Since the protein
absorbance peaks (both at 195 and 280) are sensitive to the amount of presence of
tryptophans, UV/VIS spectroscopy should be avoided post modification.
7. Concentration of DHNBS molecules can be divided by concentration of protein to
yield the number of modified tryptophan per protein molecule.

Adsorbed Protein Experiments
2. Adsorbed protein bioactivity studies can be conducted on either the same goldcoated quartz slides that were used for the CD studies or larger quartz substrates
for an increased surface area (e.g. 50 x 25 mm plates or 6” diameter discs). All
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quartz substrates are to be cleaned, coated, and surface treated according to the
protocol stated in Appendix A. (NOTE: Modification experiments on CD slides
do not require a desorption step prior to protein or modified tryptophan
quantifications; however, yields lower protein and reagent signals)
3. Surfaces are first submerged in the desired buffer and the appropriate amount of a
protein stock solution is added to the container to yield the desire adsorption
concentration. NOTE: If multiple analyses are to be conducted on the same
adsorbed protein layer (e.g. CD or Bioactivity) tryptophan modification should be
the last analysis
4. After the desired amount of time has elapsed for protein adsorption, infinitely
diluted the container with nanopure water and thoroughly rinsed slides with
nanopure water. For CD slides, the amount of adsorbed protein can be quantified
now according to the procedures listed in Appendix C. For all other substrates,
measure the protein concentration post modification using a BCA Assay.
5. Incubate the slides in a freshly prepared 0.5 mM DHNBS solution (21.7 mg per
100 mL) for 30 minutes and then infinitely diluted with flowing distilled water
and thoroughly rinse with nanopure water.
6. Load CD slides into the PEEK holder in a buffer that has a pH ≥ 10 (e.g. 10 mM
phosphate buffer with adjusted pH or 1 mM NaOH solution) and record the
absorbance peak at 410 nm.
7. For all other surfaces, incubate the slides in a 0.005% (v/v) Triton® X-100
solution in 1 mM NaOH (40°C) for 30 minutes then aspirate the warm detergent
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over the surface several times before collecting it. Record the absorbance peak at
410 nm, longer pathlength cuvette can be used if signal is too weak. NOTE:
Solutions can be centrifuged at 3,500 rpm (for 50 mL tubes) or 13,000 rpm (for 2
mL tubes) if necessary to remove any particulates.
8. Quantify the concentration of protein in the detergent solution using a BCA assay.
9. Divide the concentration of DHNBS molecules by concentration of protein to
yield the number of modified tryptophan per protein molecule.
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